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Abstract
We present an implementation of the manifest left-right symmetric model in FeynRules.
The different aspects of the model are briefly described alongside the corresponding
elements of the model file. The model file is validated and can be easily translated
to matrix element generators such as MadGraph5_aMC@NLO, CalcHEP, Sherpa, etc. The
implementation of the left-right symmetric model is a useful step for studying new
physics signals with the data generated at the LHC.
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1. introducton
The main goal of the LHC is to search for signals of new physics beyond the Stan-
dard Model (SM), motivated by the shortcomings of the SM. In particular, the SM is
incapable of explaining a number of fundamental issues, such as the hierarchy prob-
lem (resulting from the large difference between the weak force and the gravitational
force), dark matter, the number of families in the quark and lepton sector. It is, there-
fore, widely believed that new physics beyond the SM will be discovered in the coming
years. Among the possible attractive platforms for new physics are left-right symmet-
ric models (LRSM)[1, 2], on which we focus in this paper. In particular, we describe
here a LRSM with no explicit CP violation in the Higgs potential, the manifest (or
quasi-manifest) left-right symmetric model (MLRSM or QMLRSM, respectively), and
its implementation in matrix element generators through FeynRules 2.0 [3].
The LRSM address two specific difficulties of the SM: (i) Parity violation in the
weak interactions, and (ii) non-zero neutrino masses implied by the experimental evi-
dence of neutrino oscillation [4]. In particular, the left-right symmetry which underlies
LRSM restores Parity symmetry at energies appreciably higher than the electroweak
(EW) scale, resulting in the addition of three new heavy gauge bosons, W±2 and Z2.
Furthermore, in LRSM the neutrinos are massive, where their nature (i.e., whether they
are of Majorana or Dirac type) depends on the details of the LRSM.
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Early constructions of the LRSM comprise a Higgs sector with a Higgs bidoublet
and two Higgs doublets [1]. In such a setup, the neutrinos are of Dirac type and
no natural explanation for their small masses is provided. A later version, the above
mentioned MLRSM, incorporates a Higgs bidoublet and two Higgs triplets, which leads
to Majorana type neutrinos [2]. In particular, the MLRSM provides a natural setup
for the smallness of neutrino masses, relating their mass scale to the large left-right
symmetry breaking scale through the see-saw mechanism [5].
This work includes the following:
• An implementation of the MLRSM carrying an identical structure to the La-
grangian of [6] (i.e. identical parametrization and definitions of the Lagrangian
terms). As such, it features the following elements in particular:
1. The use of alternative empirical parameters (i.e. fermion mass matrices,
CKM-type mixing matrices and Higgs VEVs) to indirectly set values to the
Yukawa matrices,
2. Majorana type neutrinos (for a Dirac type see the Left-Right model based
on [7]),
3. Directly controlling the QMLRSM diagonal matrices described in Refs.[5]
and [6].
• As a result, this is the first MLRSM implementation which includes a fully verified
Lagrangian (by comparison to Refs.[5] and [6]) as part of a thorough validation
procedure performed according to the guidelines in Refs.[3, 8] (see below).
The model file created in this work was generated using the FeynRules 2.0 pack-
age [3] (running on Mathematica 7.0 [9]). It contains a methodically built model
Lagrangian with a-priory defined ingredients (i.e. the underlying symmetries, gauge
fields, mixing angles and Higgs fields), and its output is the computed Feynman rules
of the MLRSM/QMLRSM. The user can easily translate the model to a selection of
matrix element generators. The model file was thoroughly validated and uploaded to
URL
https://drive.google.com/folderview?id=0BxMAGX_Tlpi9X0RUZW9tS2RaQ0E&usp=
sharing.
The paper is organized as follows. In section 2 we describe the LRSM Lagrangian
field content and structure. In section 3 we present the Higgs sector, and describe the
corresponding spontaneous symmetry breaking (SSB) mechanism in this model. As
part of the discussion about the Higgs sector we also include:
• A brief summary of the constraints stemming from the minimization conditions
of the Higgs potential and from the explicit CP conservation requirement.
• A presentation of the gauge eigensystem which emanate from the kinetic terms
of the Higgs Lagrangian.
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• A description of the Yukawa sector and how to obtain its Feynman rules in physical
basis as mentioned above.
We continue in section 4 with a description of the model implementation, and explain
the different aspects of the model file, such as the field definitions,
the mixing and Yukawa matrices. We then explain how the user can control the
different parameters in the model. In section 5 we validate the model file using the
FeynRules 2.0 interface and the matrix element generators CalcHEP v.3.6.23 [10]
and MadGraph5_aMC@NLO v.2.2.3 [11]. Finally, in section 6, we summarize. The list
of particles and parameters of the model along with the corresponding model file no-
tations is given in Appendix A. This list is followed by the list of the user controlled
parameters of the model file. These two lists are connected through the expressions
given in Appendix B which relate the model parameters to the user controlled parame-
ters. In Appendix C we present the Higgs multiplet fields in terms of the physical Higgs
eigenstates, and in Appendix D we list the parameter values chosen for the validation
procedure.
2. General model description
2.1. The field content of the model
The LRSM is based on the gauge group SU(3)C × SU(2)L × SU(2)R × U(1)B−L.
All the fermion fields in the model are assigned to doublets, including the right handed
fermions which transform as doublets under the new symmetry of the model, SU(2)R.
In addition to the fermion fields, seven gauge fields - ~WL,R and B (corresponding to
the groups SU(2)L,R and U(1)b−L) and eight gluon fields - Ga (a = 1..8) are introduced
in order to obtain gauge invariance. The scalar content of the model includes three
Higgs multiplets: a bidoulbet (denoted as φ), a right handed and a left handed triplet
(denoted as ∆L and ∆R, respectively). The covariant derivatives of the multiplets
are conventionally given in the adjoint representation, so that the triplets are also
converted to the adjoint representation. Thus, the 2 × 2 bidoublet-equivalent field
matrices ∆L,R =
1√
2
~σ · ∆L,R are introduced (the three-vector ~σ contains the Pauli
matrices as components). The model field content is given in Table 1.
Model fields content SU(3)C × SU(2)L × SU(2)R × U(1)B−L
LiL
(
ν ′i
l′i
)
L
1 2 1 -1
LiR
(
ν ′i
l′i
)
R
1 1 2 -1
QiL
(
u′i
d′i
)
L
3 2 1 1
3
Continued on next page
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Table 1 – continued from previous page
Model fields content SU(3)C × SU(2)L × SU(2)R × U(1)B−L
QiR
(
u′i
d′i
)
R
3 1 2 1
3
WL W
+
L , W
−
L , W
3
L 1 3 1 0
WR W
+
R , W
−
R , W
3
R 1 1 3 0
B B 1 1 1 0
φ
(
φ01 φ
+
1
φ−2 φ
0
2
)
1 2 2 0
∆R
 δ+R√2 δ++R
δ0R − δ
+
R√
2
 1 3 1 2
∆L
 δ+L√2 δ++L
δ0L − δ
+
L√
2
 1 1 3 2
Table 1: The field content in the LRSM and the corresponding quantum numbers. The
index i = 1, 2, 3 of the fermionic fields runs over the number of generations. In
addition, the ′ in the fermion fields denotes that these are gauge eigenstates.
2.2. The Lagrangian structure
The Lagrangian of the MLRSM can be divided into four terms:
L = Lkinetic + Lgauge + LY ukawa + LHiggs. (2.1)
The Lkinetic part contains the interactions between fermions and gauge bosons which
are invariant under SU(3)C×SU(2)L×SU(2)R×U(1)B−L. In particular, the fermionic
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kinetic terms take the following form
Lf = i
∑
ψ¯γµDµψ
= L¯Lγ
µ
(
i∂µ + gL
~σ
2
· ~WLµ − g
′
2
Bµ
)
LL
+ L¯Rγ
µ
(
i∂µ + gR
~σ
2
· ~WRµ − g
′
2
Bµ
)
LR
+ Q¯αLγ
µ
[(
i∂µ + gL
~σ
2
· ~WLµ + g
′
6
Bµ
)
δαβ +
gs
2
λαβ ·Gµ
]
QβL
+ Q¯αRγ
µ
[(
i∂µ + gR
~σ
2
· ~WRµ + g
′
6
Bµ
)
δαβ +
gs
2
λαβ ·Gµ
]
QβR , (2.2)
The appropriate coupling constants of the Gaµ, ~WL,Rµ and the Bµ fields are gs, gL,R and
g′ = gB−L, respectively. The requirement that the Lagrangian is invariant under the
left-right symmetry
ψL ↔ ψR, ~WL ↔ ~WR, (2.3)
leads to
gL = gR. (2.4)
The gauge bosons kinetic terms and inner interactions are
Lgauge = −1
4
Gµνa Gaµν −
1
4
W µνLiWLiµν −
1
4
W µνRiWRiµν −
1
4
BµνBµν , (2.5)
where Gaµν , W
i
L,Rµν and Bµν are the field strength tensors of the SU(3)C , SU(2)L,R
gauge fields and the U(1)B−L gauge field, respectively. They are defined as follows:
Gµνa = ∂
µGνa − ∂νGµa − gsfabcGµbGνc (a, b, c = 1..8)
W µνiL = ∂
µW νLi − ∂νW µLi + gL εijkW µLjW νLk (i, j, k = 1..3)
W µνiR = ∂
µW νRi − ∂νW µRi + gR εijkW µRjW νRk (i, j, k = 1..3)
Bµν = ∂µBν − ∂νBµ. (2.6)
where fabc and εijk are the structure constants of the SU(3)C and SU(2) groups, re-
spectively.
The Yukawa interactions part, LY ukawa, consists of the most general possible cou-
plings of the Higgs multiplets to bilinear fermion field products which form singlets
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under SU(2)L × SU(2)R × U(1)B−L:
LY = −
∑
i,j
(
L¯iL((hL)ijφ+ (h˜L)ijφ˜)LjR − Q¯iL((hQ)ijφ+ (h˜Q)ijφ˜)QjR
− (LiR)c ΣR(hM)ijLjR − (LiL)c ΣL(hM)ijLjL
)
+ h.c. (2.7)
where φ˜ ≡ τ2φ∗τ2, ΣL,R = iτ2∆L,R and hQ, hL,hM ,h˜Q, h˜L are 3× 3 Yukawa matrices in
flavor space. We will extract expressions for the Yukawa matrices in terms of empirical
parameters (i.e. CKM type mixing matrices, diagonal mass matrices and Higgs VEVs)
in sec. 3.3.
The Higgs Lagrangian term consists of the Higgs kinetic terms and the potential of
the Higgs multiplets:
LHiggs = Σi[Tr|DµΘi|2]︸ ︷︷ ︸
kinnetic terms
− VHiggs︸ ︷︷ ︸
potential
(2.8)
where Θi = {φ,∆L,∆R}. As mentioned above, the covariant derivatives for the Higgs
multiplets are given in the adjoint representation. Under the SU(2)L × SU(2)R ×
U(1)B−L symmetry they are given by
Dµφ = ∂µφ− igL
2
(
~σ · ~WLµ
)
φ+ i
gR
2
φ
(
~σ · ~WRµ
)
,
Dµ∆L,R = ∂µ∆L,R − i gL,R
2
~WL,Rµ · [~σ,∆L,R]− ig′Bµ∆L,R. (2.9)
After spontaneous symmetry breaking (SSB) in the Higgs sector, the charged and neu-
tral gauge bosons acquire masses through the kinnetic terms in Eq.(2.8). We present
the gauge boson mass spectrum in sec.3.4 as part of the discussion about the Higgs
sector to which we shall now proceed.
3. The Higgs sector
3.1. Electroweak symmetry breaking and the Higgs multiplets
The Higgs sector of the LRSM consists of multiplets which, as spontaneous left-right
symmetry breaking occurs, acquire VEVs which contain the U(1)Q observed symmetry.
The electromagnetic charge Q is defined by the modified Gell-Mann-Nishijima formula
Q = I3L + I3R +
B − L
2
. (3.1)
Although the LRSM Lagrangian is invariant under SU(2)L × SU(2)R × U(1)B−L,
the vacuum states are not. These states acquire VEVs in a pattern which should be
compatible with phenomenological requirements. To begin with, the symmetry breaking
is required to be (partly) left-right symmetric by itself, in order to obtain Dirac mass
terms for the fermions. This is accomplished by introducing the left-right symmetric
6
Higgs bidoublet (the numbers in the parenthesis stand for its properties under SU(3)C ,
SU(2)L and SU(2)R and for its quantum number under B − L, respectively):
φ =
(
φ01 φ
+
1
φ−2 φ
0
2
)
(1, 2, 2, 0) . (3.2)
This bidoublet acquires VEVs for the neutral fields and generates the Dirac masses of
the fermions via its couplings to the fermion bilinears f¯LfR and f¯RfL (f = Q,L). This
by itself is not yet sufficient to break the left-right symmetry of Eq.(2.3) to U(1)Q.
1
Thus, as mentioned in the introduction, the model outlined here also employs (for the
additional symmetry breaking) the two Higgs triplets:
∆L,R =
(
δ+L,R/
√
2 δ++L,R
δ0L,R −δ+L,R/
√
2
)
L : (1, 3, 1, 2) R : (1, 1, 3, 2) (3.3)
(the most general form of potential which consists of the above Higgs multiplets and
obeys the left-right symmetry is shown in sec. 3.2).
The above setup is sufficient in order to further break the symmetry to U(1)Q in a
two-stage process. In the first stage, which takes place at an energy scale much larger
than the electroweak scale, parity breaks down and the right handed Higgs triplet, ∆R,
acquires a VEV vR:
< ∆R >=
1√
2
(
0 0
vR 0
)
. (3.4)
The VEV of ∆R violates the B − L symmetry as its quantum number is chosen to be
B − L = 2:
(B − L) < ∆R >= 2 < ∆R >6= 0. (3.5)
The initial LR symmetry is thus spontaneously broken, and one is left with the elec-
troweak symmetry:
SU(2)L ⊗ SU(2)R ⊗ U(1)B−L <∆R>−−−−→ SU(2)L ⊗ U(1)Y (3.6)
(generating masses for the heavy gauge bosons W±2 and Z2, which are approximately
proportional to vR, see sec.3.4). The still unbroken hypercharge (Y ) symmetry is defined
1The reason is that the B−L quantum number attributed to the bidoublet is zero and, in addition,
the fields which acquire the VEVs have no electric charge. Therefore, after symmetry breaking, the
vacuum remain symmetric under U(1)B−L × U(1)Q instead of just U(1)Q (see also [15]).
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as
Y < ∆R > = (2 I3R + (B − L)) < ∆R >=
(
0 0
−vR
√
2 0
)
+
(
0 0
vR
√
2 0
)
= 0.
(3.7)
At the second stage the bidoublet acquires a VEV
< φ >=
1√
2
(
k1 0
0 k2
)
, (3.8)
which violates the above Y symmetry due to its chosen SU(2)R and B−L dimensions,
Y < φ > = (2I3R + (B − L)) < φ >=
√
2
( −k1 0
0 k2
)
6= 0, (3.9)
but the electric charge symmetry still remains unbroken, since for example
Qˆ < φ > =
[
I3, < φ >
]
= 0. (3.10)
The VEVs k1 and k2 give rise to (and are proportional to the masses of) the SM
gauge bosons WL and Z. Comparing these VEVs to vR, which gives rise to the new,
heavier and yet undiscovered gauge bosons WR and Z2
2 (and, as mentioned above, is
proportional to their masses), implies that
vR  k1, k2. (3.11)
In addition to the above VEVs, also the left handed triplet ∆L can acquire a VEV
as a result of spontaneous symmetry breaking, given by
< ∆L >=
1√
2
(
0 0
vL 0
)
, (3.12)
which tends to zero, due to phenomenological considerations (see below, Eq.(3.20)).
The second stage of the symmetry breaking sums up to
SU(2)L ⊗ U(1)Y <φ>,<∆L>−−−−−−−→ U(1)Q (3.13)
where the SM W±L and Z bosons acquire their masses, which are proportional to k1 and
k2 when vL → 0 (see sec.3.4).
2This assumption is supported by theoretical and experimental lower limits on the heavy gauge
boson masses. For example, the phenomenological constraint WR > 1.6 TeV which arises from eval-
uating the KL − KS mass difference from K0 − K0 mixing[16]. In addition, direct searches imply
WR > 1.8 TeV, Z
′ > 1.3 TeV[17].
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3.2. The Higgs potential
The most general scalar potential which is invariant under the left-right symmetry
of the Higgs multiplets (see e.g., [18]):
∆L ↔ ∆R, φ ↔ φ†, (3.14)
is
V (φ,∆L,∆R) =
− µ21
(
Tr[φ†φ]
)− µ22 (Tr[φ˜φ†] + (Tr[φ˜†φ]))− µ23 (Tr[∆L∆†L] + Tr[∆R∆†R])
+ λ1
((
Tr[φφ†]
)2)
+ λ2
((
Tr[φ˜φ†]
)2
+
(
Tr[φ˜†φ]
)2)
+ λ3
(
Tr[φ˜φ†]Tr[φ˜†φ]
)
+ λ4
(
Tr[φφ†]
(
Tr[φ˜φ†] + Tr[φ˜†φ]
))
+ ρ1
((
Tr[∆L∆
†
L]
)2
+
(
Tr[∆R∆
†
R]
)2)
+ ρ2
(
Tr[∆L∆L]Tr[∆
†
L∆
†
L] + Tr[∆R∆R]Tr[∆
†
R∆
†
R]
)
+ ρ3
(
Tr[∆L∆
†
L]Tr[∆R∆
†
R]
)
+ ρ4
(
Tr[∆L∆L]Tr[∆
†
R∆
†
R] + Tr[∆
†
L∆
†
L]Tr[∆R∆R]
)
+ α1
(
Tr[φφ†]
(
Tr[∆L∆
†
L] + Tr[∆R∆
†
R]
))
+ α2
(
Tr[φφ˜†]Tr[∆R∆
†
R] + Tr[φ
†φ˜]Tr[∆L∆
†
L]
)
+ α∗2
(
Tr[φ†φ˜]Tr[∆R∆
†
R] + Tr[φ˜
†φ]Tr[∆L∆
†
L]
)
+ α3
(
Tr[φφ†∆L∆
†
L] + Tr[φ
†φ∆R∆
†
R]
)
+ β1
(
Tr[φ∆Rφ
†∆†L] + Tr[φ
†∆Lφ∆
†
R]
)
+ β2
(
Tr[φ˜∆Rφ
†∆†L] + Tr[φ˜
†∆Lφ∆
†
R]
)
+ β3
(
Tr[φ∆Rφ˜
†∆†L] + Tr[φ
†∆Lφ˜∆
†
R]
)
, (3.15)
where µi are mass parameters and λi, ρi, αi, βi are dimensionless couplings. With
the exception of α2, all the parameters in the potential are real due to the left right
symmetry of Eq.(3.14). Since in this work we assume that CP is explicitly conserved
in the potential (in both the MLRSM and the QMLRSM) we also set α2 to be real (see
[6]).
As discussed in [5], two of the VEVs phases, typically the phases of vR and of k1,
can be absorbed by global phase transformations. Thus there are six minimization
9
conditions of the neutral fields, given by
∂V
∂vR
=
∂V
∂k1
=
∂V
∂Rek2
=
∂V
∂RevL
=
∂V
∂Imk2
=
∂V
∂ImvL
= 0. (3.16)
The first three conditions can be used to solve the mass parameters squared, µ21, µ
2
2
and µ23, in terms of the other parameters (see also [19]). The requirement of explicit
CP conservation in addition to the second three conditions implies that in addition to
vR and k1, the rest of the Higgs VEVs must also be real.
An additional constraint originates from two minimization conditions, ∂V
∂vR
= ∂V
∂RevL
=
0, and is known as the ’VEV seesaw relation’:
β2k
2
1 + β1k1k2 + β3k
2
2 = (2ρ1 − ρ3)vLvR , (3.17)
which gives
vL = γ
k21 + k
2
2
vR
, (3.18)
where
γ ≡ β2k
2
1 + β1k1k2 + β3k
2
2
(2ρ1 − ρ3)(k21 + k22)
. (3.19)
Assuming that βi and ρi are of order unity (i.e. not too large - to preserve unitarity,
and not too small - to avoid fine tuning) implies that γ ∼ 1. Since the light neutrino
masses (which are proportional to vL via the Yukawa coupling) are bound to be less
than O(1) eV [20], vR has to be at least as large as O(108) GeV. This, in turn, leads
to unobservably large masses for the additional Higgs and gauge bosons states (i.e., of
order 108 GeV), unless the βi are fine-tuned to reduce γ to about 10
−7 for which vR
can be considerably smaller, i.e., vR ∼ O(103) GeV. In this case, the new gauge-bosons
and Higgs particles become accessible at the LHC (see mass formulae in Appendix
B). One possible way to avoid the (unwanted) fine-tuning of the Higgs couplings is to
eliminate almost completely the VEV seesaw relation by setting some of the relevant
parameters in the Higgs potential, and in particular the β parameters, to zero. This
may not be considered as fine tuning but, rather, as a possible consequence of some
yet higher symmetry (e.g., GUT or SUSY), which lies beyond the context of the LRSM
[5].3 Following this approach, the VEV see-saw relation reduces to a “remnant” VEV
see-saw relation
(2ρ1 − ρ3) vL vR = 0 . (3.20)
3Setting the βi parameters to be small but not zero through mechanisms such as horizontal sym-
metry is discussed e.g., in [19]. However here we follow the stricter constraint presented in Refs.[5, 6].
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The only way for Eq.(3.20) to be consistent with observation is to set the VEV of the
left-handed triplet, vL, to zero [18].
4
Summarizing the above, the following constraints are imposed due to requiring
explicit CP-conservation, requiring natural grounds to support the minimization con-
ditions, and requiring consistency with experiment:
• All the Higgs multiplets VEVs are real.
• The parameters βi are set to zero.
• The Higgs left triplet VEV vL is set to zero.
Moving on to the Higgs mass content, its mass matrix is determined by
∂2
∂φi∂φj
V
∣∣∣
φi=φj=0
= m2i,j. (3.21)
Imposing the above three constraints simplifies the diagonalization procedure of the
Higgs mass matrix, whose precise form is given in [5]. The expressions for the Higgs
eigenmasses in terms of the parameters in the Higgs potential and the Higgs VEVs are
given in Appendix B for the case vR  k1,2, as required phenomenologically.5 The
Higgs fields which comprise the multiplets (referred to as the non-physical Higgs fields)
are presented in terms of the Higgs eigenstates in Appendix C.
3.3. Obtaining the Yukawa terms in the physical basis
The Yukawa terms given in Eq.(2.7) are given in terms of gauge eigenstates and
Yukawa matrices, whereas a more suitable form for calculations depends on physical
basis of mass eigenstates and empirical parameters as explained in sec.2.2. We describe
here the structure of the Higgs-quark and the Higgs-lepton sectors and their conversion
into this preferred basis. We will describe the implementation of the Yukawa sector in
FeynRules in the next section.
When considering the most general way in which the above Higgs multiplets can be
coupled to bilinear fermion field products to form singlets under SU(2)L × SU(2)R ×
U(1), one should also bear in mind the Majorana type lepton-Higgs couplings which
complement the Dirac type ones. We write again, for clarity, the general Yukawa terms
of Eq.(2.7):
LY = −Σi,j
[
L¯iL((hL)ijφ+ (h˜L)ijφ˜)LjR − Q¯iL((hQ)ijφ+ (h˜Q)ijφ˜)QjR
− (LiR)c ΣR(hM)ijLjR − (LiL)c ΣL(hM)ijLjL
]
+ h.c. (3.22)
4The other option of setting vR = 0 leads to mW2 ∼ mW in contrast with observation, and the
option 2ρ1 − ρ3 = 0 leads to massless Higgs bosons of the left-handed triplet, which is also ruled out
experimentally[21].
5As mentioned above, heavy gauge bosons haven’t been discovered yet, and thus should be signifi-
cantly heavier than the SM W , which mass is proportional to
√
k21 + k
2
2. For lower mass limits of WR
see footnote 2.
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where, as mentioned above, φ˜ ≡ τ2φ∗τ2, ΣL,R = iτ2∆L,R and hQ, hL,hM ,h˜Q, h˜L are
3×3 Yukawa matrices in flavor space (hM is symmetric). These matrices can be defined
in terms of VEVs, diagonal mass matrices and fermion mixing matrices, thus yielding
the desired Feynman rules. We shall now demonstrate the process.
Starting with the quark sector, the Yukawa terms for the coupling with φ-type Higgs
fields are
− U¯ ′L(hQφ01 + h˜Qφ0∗2 )U ′R − D¯′L(hQφ02 + h˜Qφ0∗1 )D′R
− U¯ ′L(hQφ+1 − h˜Qφ+2 )D′R − D¯′L(hQφ−2 + h˜Qφ−1 )U ′R + h.c. (3.23)
where U ′L,R, D
′
L,R are three dimensional vectors built of up-type and down-type quark
gauge eigenstates, respectively (e.g U¯L = (u¯
′
Lc¯
′
Lt¯
′
L)). After SSB the mass terms which
arise are
−U¯ ′LMuU ′R − D¯′LMdD′R + h.c., (3.24)
where
Mu ≡ 1√
2
(
hQk1 + h˜Qk2
)
, Md ≡ 1√
2
(
h˜Qk1 + hQk2
)
. (3.25)
Because the VEVs k1 and k2 are real in the considered model (since, as discussed
above, this model does not contain explicit CP violation) and, in addition, hQ and h˜Q
are hermitian (as implied from the left right symmetry), it implies that Mu and Md are
also hermitian. These matrices can therefore be diagonalized by unitary transformations
to give up-type and down-type, real, diagonal mass matrices
Mudiag ≡ V u†L MuV uR = diag(mu,mc,mt), Mddiag ≡ V d†L MdV dR = diag(md,ms,mb),
(3.26)
where the unitary matrices V uL,R and V
d
L,R rotate the gauge eigenstates into mass eigen-
states,
U ′L,R = V
u
L,RUL,R, D
′
L,R = V
d
L,RDL,R. (3.27)
The diagonal (and real) mass matrices can then be used to express the Yukawa matrices
hQ =
√
2
k2−
(
k1V
u
LM
u
diagV
u†
R − k2V dLMddiagV d†R
)
,
h˜Q =
√
2
k2−
(
−k2V uLMudiagV u†R + k1V dLMddiagV d†R
)
. (3.28)
where k2− = k
2
1−k22. Upon inserting this result into the term for up-type quark coupling
with neutral φ-type Higgs fields for example, which is given by (see Eqs.(3.23) and
(3.27))
U¯LV
u†
L (hQφ
0
1 + h˜Qφ
0∗
2 )V
u
RUR + h.c. (3.29)
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one obtains the Yukawa interaction in the up-quark sector
−
√
2
k2−
U¯L
(
Mudiag(k1φ
0
1 − k2φ0∗2 ) + UCKML MddiagUCKM†R (−k2φ01 + k1φ0∗2 )
)
UR + h.c.,
(3.30)
where the left and right CKM matrices, UCKML and U
CKM
R , are given by
UCKML ≡ V u†L V dL , UCKMR ≡ V u†R V dR . (3.31)
Expressing the non-physical Higgs states in Eq.(3.30) in terms of physical states (see
Appendix C) yields the general interaction terms in a form which depends on physical
states and parameters.
At this point, a brief explanation about the implication of the manifest / quasi-
manifest nature of the left-right model on the relative definition of the left and right
CKM matrices is in place. In the absence of explicit CP violation in the Higgs po-
tential, the diagonalization of the up and/or down mass matrices may give negative
diagonal mass terms. This is known as quasi-manifest left-right model (as opposed to
the manifest model where the diagonalization results solely in positive masses). In this
case it is useful to define
V uR = V
u
LW
u,
V dR = V
d
LW
d (3.32)
where Wu and Wd are diagonal 3 × 3 matrices with ±1 as diagonal elements, aimed
to set the sign of each element in the up type and down type diagonal mass matrix,
respectively, to be positive. The relation between the two CKM matrices can thus be
written as
UCKMR = W
U UCKML W
D. (3.33)
Turning now to the lepton sector, the Yukawa terms for the neutrino and the charged
lepton couplings with the Higgs fields are
− ν¯ ′L(hLφ01 + h˜Lφ0∗2 )ν ′R − l¯′L(hLφ02 + h˜Lφ0∗1 )l′R − ν¯ ′L(hLφ+1 − h˜Lφ+2 )l′R
− l¯′L(hLφ−2 + h˜Lφ−1 )ν ′R +
{− (ν ′c)RhMδ0Lν ′L + (l′c)RhMδ++L l′L + 1√
2
(ν ′c)RhMδ
+
L l
′
L
+
1√
2
(l′c)RhMδ
+
L ν
′
L + (L↔ R)
}
+ h.c. (3.34)
where ν ′L,R and l
′
L,R are three dimensional vectors built of the neutrino and charged
lepton gauge eigenstates, respectively. After SSB, the neutrino and charged lepton
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mass terms which stem from the above Yukawa terms are
Lleptonmass = −
1
2
(n′LMνn
′
R + n¯
′
RM
∗
νn
′
L)− (l¯′LMll′R + l¯′RM †l l′L), (3.35)
where
n′R =
(
(ν ′c)R
ν
′
R
)
, n′L =
(
ν ′L
(ν
′c)L
)
, (3.36)
and recalling that
(ψc)L,R = (ψR,L)
c (3.37)
where ψ is a fermion field.
The Yukawa mass matrix of the charged leptons results from the VEVs of the
bidoublet. As with the quark mass matrices, it consists of Dirac-type mass terms
Ml =
1√
2
(
hLk2 + h˜Lk1
)
= M †l (3.38)
(it is also hermitian, as explained in the case of quark mass matrices). This matrix can
be diagonalized by a unitary transformation
l′L,R = V
l
L,RlL,R, (3.39)
which enables one to define a diagonal, real, charged lepton mass matrix
M ldiag ≡ V l†L MlV lR = diag(me,mµ,mτ ). (3.40)
The 6 × 6 Yukawa mass matrix of the neutrinos consists of both Majorana type and
Dirac type couplings:
Mν =
(
ML MD
MTD MR
)
(3.41)
where the mass matrix Mν is symmetric, MD is a Dirac-type block, and ML and MR
are Majorana-type blocks). The diagonalization of the neutrino Yukawa mass matrix
is done by a single 6× 6 unitary transformation V :
Mνdiag ≡ V TMνV , (3.42)
Substituting eq.(3.42) in eq.(3.35) gives
n′L = V
∗NL, n′R = V NR , (3.43)
where NR,L are the right and left handed projections, respectively, of the six mass
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eigenstates of the Majorana neutrinos. The matrix V can be conveniently defined as
V =
(
V ν∗L
V νR
)
, (3.44)
which implies the following neutrino mixings:
ν ′R = V
ν
RNR, ν
′
L = V
ν
LNL. (3.45)
Some useful identities that will be used below can be derived from the unitarity of V
V V † =
(
V ν∗L
V νR
)(
V νTL V
ν†
R
)
=
(
V ν∗L V
νT
L V
ν∗
L V
ν†
R
V νRV
νT
L V
ν
RV
ν†
R
)
= 1 (3.46)
which implies
V νLV
ν†
L = 1, V
ν
RV
νT
L = 0 V
ν
RV
ν†
R = 1. (3.47)
Using the above formalism (in particular eqs.(3.43) and (3.44)) and substituting the
neutrino mass matrix of eq.(3.41) into eq.(3.35), it is possible to rewrite for example
−n¯′LMνn′R as
−n¯′LMνn′R = −N¯L V TMνV︸ ︷︷ ︸
Mνdiag
NR =− N¯LV ν†L MDV νRNR − N¯LV νTR MTDV ν∗L NR
− N¯LV νTR MRV νRNR − N¯LV ν†L MLV ν∗L NR, (3.48)
and thus obtain
Mνdiag = V
ν†
L MDV
ν
R + V
νT
R M
T
DV
ν∗
L + V
νT
R MRV
ν
R + V
ν†
L MLV
ν∗
L . (3.49)
Using in addition the identities of Eq.(3.47) one gets
MD = V
ν
LM
ν
diagV
ν†
R = M
T
D,
MR = V
ν∗
R M
ν
diagV
ν†
R = M
T
R ,
ML = V
ν
LM
ν
diagV
νT
L = M
T
L . (3.50)
These mass matrix blocks may also be written in terms of Yukawa matrices and Higgs
VEVs. In particular, the Dirac mass block MD originates from the bidoublet VEVs
MD =
1√
2
(
hLk1 + h˜Lk2
)
(3.51)
and is real (in light of Eq.(3.50)). The Majorana mass block ML arises from the VEV
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of the left handed Higgs triplet:
ML =
√
2hMvL , (3.52)
and the Majorana mass block MR is generated by the right handed Higgs triplet VEV:
MR =
√
2hMvR.
6 (3.53)
Before transforming the lepton Yukawa matrices to physical basis, it is of importance
to relate the above discussed VEV see-saw relation to the neutrino mass see-saw relation.
This can be done by focusing on a single generation neutrino mass system (for simplicity,
we ignore generation mixing). The Diagonalization of this system can be conveniently
done by defining the self conjugate (Majorana) spinors
f ≡ ν ′L + (ν ′L)c, F ≡ ν ′R + (ν ′R)c (3.54)
where ψc ≡ Cψ¯T . Using this, the neutrino Yukawa mass terms of Eq.(3.35) can be
written as
1
2
(
f¯
F¯
)T (
ML MD
MD MR
)(
f
F
)
. (3.55)
As mentioned earlier, the “remnant” VEV see-saw relation of Eq.(3.20) implies the
constraint vL = 0, so that, in this limit and with the approximation vR  k1, k2, the
neutrino mass eigenvalues are (see Eqs.(3.51)-(3.53))
mν ' −M
2
D
MR
, mN 'MR, (3.56)
where mν and mN are the light and the heavy Majorana neutrino masses, respectively.
The corresponding approximate Majorana eigenstates are
ν ' f − MD
MR
F, (3.57)
N ' F + MD
MR
f , (3.58)
and the product of the two mass eigenvalues is
mνmN = −M2D . (3.59)
This is the widely known (type I) see-saw relation. A special case can be reached by
assuming that the neutrino Dirac mass MD is of the same order as the related charged
6Since the implemented model uses real neutrino mass eigenvalues, hM can be regarded as real.
This is consistent with the assumption made in [5].
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lepton (this occurs e.g. when h˜L ∼ hL and k1 ∼ k2 [5]), and thus one gets
mνmN = −m2l , (3.60)
where ml is the mass of the charged lepton.
7
Expressing the charged current terms in Eq.(2.2) in terms of the above Majorana
fields gives
e¯′Lγµν
′
L = e¯
′
LγµfL ' e¯′Lγµ
[
ν +
MD
MR
N
]
L
,
e¯′Rγµν
′
R = e¯
′
RγµFR ' e¯′Rγµ
[
N − MD
MR
ν
]
R
. (3.61)
The coefficients of the eigenstates ν and N in this equation are CKM-type lepton
mixings, which will appear again as matrices in the three generation case below.8
Going back to obtaining a physical basis for the Yukawa terms, it is now possible,
using the expressions for MD (Eqs.(3.50) and (3.51)) and for the charged lepton mass
matrix (Eqs.(3.38) and (3.40)), to extract the values of the lepton Yukawa matrices hL
and h˜L in terms of the lepton mass values, the Higgs VEVs and the mixings :
hL =
√
2
k2−
(
k1V
ν
LM
ν
diagV
ν†
R − k2V lLM ldiagV l†R
)
,
h˜L =
√
2
k2−
(
−k2V νLMνdiagV ν†R + k1V lLM ldiagV l†R
)
. (3.62)
Furthermore, using the expressions for MR (Eqs.(3.50) and Eqs.(3.53)) one can obtain
the Yukawa matrix hM :
hM =
1√
2νR
V ν∗R M
ν
diagV
ν†
R . (3.63)
Inserting the above expressions into the leptonic sector of the Yukawa Lagrangian is
done in the same way as in the quark sector. Focusing for example on the left handed
7Redefining the ν eigenstate as ν → γ5(f − MDMR F ) changes the sign of the corresponding mass
eigenvalue (see [22]) in which case the sign in the right hand side of Eq.(3.60) becomes positive.
8We ignored, in this single generation example, the charged lepton inner mixings (the V lL,R matrix
of Eq.(3.39)), which are part of the general discussion above (and should of course be included in the
CKM-type mixings). The model implementation file, however, allows the user to include the charged
lepton mixings as well, as explained in the implementation section.
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singly charged Higgs terms,
1√
2
(ν ′c)RhMδ
+
L l
′
L +
1√
2
(l′c)RhMδ
+
L ν
′
L + h.c.
=
1
2νR
[
N¯RV
νT
L V
ν∗
R M
ν
diagV
ν†
R V
l
LlLδ
+
L + (l
c)RV
lT
L V
ν∗
R M
ν
diagV
ν†
R V
ν
LNLδ
+
L
]
+ h.c.
=
1
νR
[
N¯RV
νT
L V
ν∗
R M
ν
diagV
ν†
R V
l
LlLδ
+
L
]
+ h.c.. (3.64)
where Eqs.(3.36), (3.37), (3.39) and (3.45) were used, as was also the identity
(lc)RNL = N¯RlL (3.65)
(the creation phase factor for the Majorana neutrino field is chosen to be 1, i.e. N =
N c[6]9). The final result of Eq.(3.64) can be written in terms of CKM-type mixing
matrices in the leptonic sector,
KL = V
ν†
L V
l
L ,
KR = V
ν†
R V
l
R , (3.66)
which are 6× 3 matrices - analogues to the CKM mixing matrices in the quark sector.
The lepton sector comprises a quasi-manifest control matrix as well, denoted as W l
V lL = V
l
RW
l, (3.67)
which is the analogue of the W d matrix in the quark sector.
Using the above definitions, Eq.(3.64) can be rewritten as
1
νR
[
N¯RK
∗
LWlK
T
RM
ν
diagKRWllLδ
+
L
]
+ h.c. (3.68)
so that, similarly to the Higgs-quark interactions, expressing the non-physical Higgs
states of Eq.(3.68) in terms of physical states (see Appendix C) gives the general
Higgs-lepton interactions in the physical basis.
3.4. The gauge boson eigensystem
As usual, the interactions of the Higgs multiplets with the gauge bosons in LHiggs
(see Eq.(2.8)) arise from the covariant derivatives. After SSB, the terms which contain a
bilinear product of two gauge boson fields give rise to two mass matrices, a 2×2 matrix
and 3×3 matrix, which correspond to the charged W±L , W±R (W±µL,R = 1√2(W
1µ
L,R∓iW 2µL,R))
gauge boson system and the neutral (W 3L, W
3
R, B) gauge boson system, respectively.
9The Majorana field is ΨM (x) ∝ ∑p,s [f(p, s)u(p, s)eipx + λf†(p, s)v(p, s)e−ipx] (see [22]). The
creation phase factor, λ, is chosen in our work and in [6] to be 1.
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Thus the mass terms are given by [6]
LM =
(
W+µL ,W
+µ
R
)
M˜2W
(
W−Lµ
W−Rµ
)
+ h.c.+
1
2
(W µ3L,W
µ
3R, B
µ) M˜20
 W3LµW3Rµ
Bµ
 , (3.69)
where the mass matrices are (assuming vL=0, see the above discussion)
M˜2W =
g2
4
(
k2+ −2k1k2
−2k1k2 k2+ + 2v2R
)
, (3.70)
and
M˜20 =
1
2
 g22 k2+ −g22 k2+ 0−g2
2
k2+ −g
2
2
(k2+ + v
2
R) −2gg′v2R
0 −2gg′v2R 2g′2v2R
 , (3.71)
where
g = gL = gR =
e
sin ΘW
, g′ =
e√
cos 2ΘW
, (3.72)
and k+ ≡
√
k21 + k
2
2 (k1 and k2 are real).
The symmetric mass matrices are diagonalized by the orthogonal transformations(
W±L
W±R
)
=
(
cos ξ sin ξ
− sin ξ cos ξ
)
=
(
W±1
W±2
)
, (3.73)
and  W3LW3R
B
 =
 cW c cW s sW−sW sMc− cMs −sW sMs+ cMc cW sM
−sW cMc+ sMs −sW cMs− sMc cW cM
 Z1Z2
A
 (3.74)
where
cW = cosΘW , sW = sinΘW , cM =
√
cos 2ΘW
cos ΘW
,
sM = tan ΘW , c = cosφ, s = sinφ ,
and the explicit expressions for the charged and neutral mixing angles ξ and φ are
shown in Appendix B. The masses of the physical gauge bosons are given by
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M2W1,2 =
g2
4
[
k2+ + v
2
R ∓
√
v4R + 4 k
2
1 k
2
2
]
,
M2Z1,2 =
1
4
[[
g2k2+ + 2v
2
R(g
2 + g′2)
]∓ √[g2k2+ + 2v2R(g2 + g′2)]2 − 4g2(g2 + 2g′2) k2+v2R].
(3.75)
4. The model implementation
4.1. Fermion fields, mixing matrices, Yukawa terms
The model file defines doublets of fermion gauge eigenstates using CKM type mixing
matrices and ascribes the mixing of the mass eigenstates completely to either T3 = −12
or T3 = +
1
2
isospin states. This can be seen for example in the definition of the left-
handed quark doublet:
QL[sp1_,1,ff_,cc_]:>Module[{sp2}, ProjM[sp1,sp2] uq[sp2,ff,cc]],
QL[sp1_,2,ff_,cc_]:>Module[{sp2,ff2},CKML[ff,ff2]
ProjM[sp1,sp2] dq[sp2,ff2,cc]],
where ProjM denotes the left handed projection operator, sp1 and sp2 are spinor indices,
ff and ff2 are generation indices and cc is a color index. The above definition keeps
the +1
2
isospin states as unmixed left handed projections of the up type quarks mass
eigenstates uq, and assigns the product of the up and down mixing matrices, i.e. the
left handed CKM matrix (defined in Eq.(3.31) and denoted as CKML) to the left handed
projections of the down type quarks mass eigenstates (denoted as dq), i.e. to the −1
2
isospin states. The lepton doublets are implemented in a similar way, with the only
difference being in assigning the mixing to the +1
2
isospin states (the neutrino fields)
by using the CKM type KL and KR leptonic mixing matrices as defined in Eq.(3.66).
For example, the left handed lepton doublet is given by
LL[sp1_,1,ff_] :> Module[{sp2,ff2}, Conjugate[KL[ff2,ff]]
ProjM[sp1,sp2] Nl[sp2,ff2]],
LL[sp1_,2,ff_] :> Module[{sp2}, ProjM[sp1,sp2] l[sp2,ff]]
where, in addition to the symbols used in the QL definition above, Nl denotes the neu-
trino mass eigenstates, l denotes the charged lepton mass eigenstates and KL denotes
the left handed lepton mixing matrix (defined in Eq.(3.66)). Furthermore, charge con-
jugate lepton doublet projections were defined for the lepton-∆R,L interactions. For
example, the left handed projection of the lepton doublet charge conjugate is defined
as
LCL[sp1_,1,ff_] :> Module[{sp2,ff2}, KR[ff2,ff]
ProjM[sp1,sp2] Nl[sp2,ff2]],
LCL[sp1_,2,ff_] :> Module[{sp2}, ProjM[sp1,sp2] CC[l[sp2,ff]]]
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the notation LCL denotes (Lci)L which (using Eq.(3.37)) is given by
(Lci)L =
(
ν ′ci
lci
)
L
=
(
(ν ′iR)
c
(lci )L
)
=
(
(K†RijNjR)
c
(lci )L
)
=
(
KTRijN
c
j
lci
)
L
=
(
KTRijNj
lci
)
L
(4.1)
where i is the lepton generation index, and j (= 1..6) is a Majorana neutrino index.
Using this formalism when implementing the Yukawa interactions requires some
caution however, as we shall now demonstrate. Starting with the quark couplings, the
expressions for the Yukawa quark matrices hQ and h˜Q given in Eq.(3.28) transform,
when deriving them using the above formalism, into
hQ =
√
2
k2−
(
k1M
u
diag − k2UCKML MddiagUCKM†R
)
,
h˜Q =
√
2
k2−
(
−k2Mudiag + k1UCKML MddiagUCKM†R
)
. (4.2)
This is implemented as
yQ[a_,b_] :> Module[{sp5,sp6}, Sqrt[2]/(k1^2-k2^2) (k1 yMU[a,b]
- k2 CKML[a,sp5] yDO[sp5,sp6] HC[CKMR[b,sp6]])]
yQtilde[a_,b_] :> Module[{sp5,sp6}, Sqrt[2]/(k1^2-k2^2)(-k2 yMU[a,b]
+ k1 CKML[a,sp5] yDO[sp5,sp6] HC[CKMR[b,sp6]])]
where yQ and yQtilde denote the Yukawa matrices hQ and h˜Q, respectively, yMU and
yMD are the diagonal up-quark and down-quark matrices, respectively, k1 and k2 are
the Higgs VEVs, and CKML and CKMR are the left handed and right handed mixing
CKM matrices, respectively. Implementing the quark doublets and the quark Yukawa
matrices in above formalism and substituting them in the quark-Higgs Yukawa term
(see Eq.(2.7)) reproduces the same Feynman rules derived in sec.3.3.
A similar procedure is done with the φ-type lepton-Higgs interactions, where the hL
and h˜L Yukawa matrices (given in Eq.(3.62)) become
hL =
√
2
k2−
(
k1K
†
LM
ν
diagKR − k2M ldiag
)
,
h˜L =
√
2
k2−
(
−k2K†LMνdiagKR + k1M ldiag
)
, (4.3)
and, together with the lepton doublets (in the above formalism), are also encoded into
the Yukawa interactions of Eq.(2.7).
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The implementation of the ∆R-type lepton-Higgs interactions is again done in the
same way. In particular, the expression for the hM matrix in Eq.(3.63) becomes
hM =
1√
2vR
KTRM
ν
diagKR. (4.4)
This definition, however, applies only to the lepton-∆R term, which consists of right
handed mixing matrices, and not to the lepton-∆L Yukawa term. The reason for this
is that in contrast to the above described hL and h˜L matrices, using eq.(4.4) in the
lepton-∆L Yukawa term (LiL)
c ΣL(hM)ijLjL leads to products between left handed and
right handed mixings. These products are slightly different in the above formalism, in
which the lepton mixing is ascribed to the neutrino mixing, from the results of sec.3.3,
as we shall now demonstrate. The products are between the right handed KR matrices
(appearing in both sides of the hM expression, see Eq.(4.4)) and the left handed mixings
of the lepton doublets. One product includes the left handed neutrino mixing KR ·K†L,
and the other includes the left handed charged lepton mixing KR ·1. In the first product
the quasi-manifest matrix (see the definition of the diagonal matrix W l in Eq.(3.67))
is present (KRK
†
L = V
ν
R
†V lRV
l
L
†
V νL = V
ν
R
†W lV νL ) in contrast to this product in sec.3.3
(which is V νR
†V νL ); in the second product the quasi-manifest matrix is absent (Eq.(3.67)
defines V lL in terms of V
l
R) - again in contrast to the same product in sec.3.3 (which is
V νR
†V lL = KRW
l)10. The model file therefore uses the following alternative definition
of the hM matrix for the lepton-∆L type terms, which incorporates the quasi-manifest
relation in the charged-lepton sector:
hM =
1√
2vR
W lKTRM
ν
diagKRW
l. (4.5)
As a result of the above reasoning, the proper Yukawa matrices for the lepton-∆R term
(Eq.(4.4)) and lepton-∆L term (Eq.(4.5)) are encoded, respectively, as
yHM1[a_,b_] -> 1/(vR*Sqrt[2]) Mr[a,b]
and
yHM2[a_,b_] -> Module[{sp1,sp2},
1/(vR*Sqrt[2]) Wl[a,sp1] Mr[sp1,sp2] Wl[sp2,b]]
where vR denotes the Higgs VEV vR, the matrix Mr is the implemented MR matrix
of Eq.(3.50) rederived in terms of KR, and Wl denotes the W
l matrix. These encoded
definitions yield the correct lepton-∆L,R Yukawa terms (for example, the definition of
yHM2 returns the result of Eq.(3.68) for the left handed singly charged Higgs Yukawa
terms discussed above).
10The discrepancy in the products between the current section formalism and sec.3.3 does not
change upon replacing L↔ R in Eq.(3.67).
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4.2. Gauge boson and Higgs eigenstates
The model file also defines the gauge eigenstates of the gauge and the Higgs bosons
in terms of mass eigenstates. The gauge boson eigenstates are given in Eqs.(3.73) and
(3.74) and are implemented accordingly. For example, the eigenstates of ~WL (denoted
as Wi) are implemented as follows:
Wi[mu_,1] -> ((Wbar[mu]*cxi+W2bar[mu]*sxi)+(W[mu]*cxi+W2[mu]*sxi))
/Sqrt[2],
Wi[mu_,2] -> ((Wbar[mu]*cxi+W2bar[mu]*sxi)-(W[mu]*cxi+W2[mu]*sxi))
/(I*Sqrt[2]),
Wi[mu_,3] -> cw*cphi*Z[mu]+cw*sphi*Z2[mu]+sw*A[mu]
where W, W2, Z2, and A are the gauge boson mass eigenstates, multiplied by the proper
mixing angles.
The Higgs gauge eigenstates are extracted as function of the mass eigenstates by
diagonalizing the Higgs mass matrix as discussed in sec. 3.2. The precise form of these
eigenstates is given in [6]. The model file directly defines these eigenstates based on the
constraints given in sec. 3.2.
4.3. Parameter control by the user
The model file allows the user to control certain parameters and thus adjust masses,
mixings and interaction strength. These parameters include coupling constants, fermion
masses, mixing matrix elements, Higgs VEVs and parameters in the Higgs potential,
and are given in Table A.2 of Appendix A.
The quark mixing matrices UCKML and U
CKM
R are related via Eq.(3.33). This relation
is written in the model file as
Value -> {CKMR[a_,b_] -> WU[a,a]*CKML[a,b]*WD[b,b]}
where the three matrices CKML, WU and WD can be set by the user. In particular, the
user can adjust the CKML matrix by setting the values of its elements via the external
parameters s12, s13 and s23 (see Appendix B), whereas setting the CKMR matrix
elements is done in a non-direct manner following the above definition; setting WU[i,i]
and WD[j,j] to +1 for every i, j leads to the MLRSM where UCKMR = U
CKM
L , while
setting at least one diagonal element of WU or WD to be negative leads to the QMLRS,
where
(
UCKML
)
ij
= ± (UCKMR )ij.
The dependency of the KL and KR matrices is looser than the U
CKM matrices, and
they are set and adjusted as follows.
The heavy-light mixing coefficients in Eq.(3.61), namely MD
MR
in the left handed
current and −MD
MR
in the right handed current, are manifested in the three-generational
KL and KR, respectively (and explicitly in KL i+3,i and KR i,i where i = 1, 2, 3). For
simplicity, generation mixing is neglected and, in addition, the relation MD/MR =√
Mlight neutrino/Mheavy neutrino was initially set to resemble the ”vanilla” see-saw case
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[23]. The user can change the initial setting of these mixing coefficients, denoted as Ve,
Vµ and Vτ (see Appendix A and Appendix B), by re-adjusting them.
The upper block of KL (KL i,j i, j = 1, 2, 3), which connects the charged leptons
with the light neutrinos, corresponds to the PMNS matrix of the SM [24], and can be
adjusted via the parameters sL12, sL13 and sL23 (see Appendix B, Appendix B)
which define a unitary PMNS. The PMNS matrix, however, may deviate from unitarity
as a result of the heavy-light neutrino mixing of the MLRSM, thus necessitating the
independent adjustment of chosen matrix-elements (for further information and non-
unitary fits see for example [25]). The user can therefore choose, instead of adjusting the
relevant external parameters mentioned above, to re-define each desired matrix-element
of the KL and KR matrices in the FeynRules model file itself, and then re-translate
it to the matrix-element generator. This second option, despite being graceless, is a
preferable alternative to inserting a large number of external parameters into the model
file and by thus making it too cumbersome and slowly processed.
The lepton sector also contains, analogically to the quark sector, a QMLRSM control
matrix, namely W l, whose diagonal elements can be set by the user in a similar way to
the setting of W u and W d (see discussion in sec 3.3).
The user can control the coupling constants as well. This is done through the
interaction strengths which can be set by the external parameters aEWM1 and aS of the
electroweak and strong interactions, respectively.
Controlling the Higgs mass eigenvalues is performed through the parameters in
the Higgs potential (lambda[1..4], rho[1..4] and alpha[1..3] - the zero valued
βi parameters are absent from the model file - see discussion in sec 3.2) and through
the Higgs VEVs. Expressions of model parameters such as coupling constants, Higgs
masses, gauge boson masses, mixing angles and potential parameters, all adjustable by
the user through the parameters in Table A.2, can be found in Appendix B.
Controlling other parameters in the file (other than those in Table A.2) is possi-
ble, but consistency should be kept. For example, the user can choose to switch the
external parameter vR (the right Higgs triplet VEV) with the gauge boson mass MW2.
He should then set vR as a function of the new external parameters, e.g. MW and MW2:
vR=MW2/MW*Sqrt[(k1^2+k2^2)/2] (where the approximation vR  k1, k2 is used).
5. Validation and output data
The model Implementation was validated closely following the requirements given
in the manual of [3]. These include:
1. The Feynman rules for the model file were calculated in Mathematica using the
command
FeynmanRules[LLR]
and were then matched with the Lagrangian terms in [6]. A complete scan of the
Lagrangian terms described in this work was performed, followed by a verification
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of some representative MLRSM process results from the model file by comparison
with the literature.
2. SM cross-sections calculated using the model file were compared and matched
with their known values. In particular, values of the relevant parameters were
chosen to reproduce the SM case. In total, more than 100 processes are tested,
and the results (given with a 4 digits precision) agree well in all cases.
3. A total of more than 250 processes which were based on the MLRSM model
file were tested on matrix element generators and on the FeynRules program
automatic 1 → 2 calculation function. The results from the different programs
were found to match, either accurately (for 1 → 2 decays) or statistically (for
Monte-Carlo evaluations of 2→ 2 scattering cross sections).
4. High energy unitarity cancellations were tested and demonstrated.
5.1. Comparison with literature
Table 2 compares the results calculated by FeynRules for the model file with the
corresponding expressions given in the literature ([5] and [6]). The Lagrangian vertices
are compared and verified by explicitly identifying the relevant Feynman rule. This
Table is divided into green headlines of one or more Lagrangian terms followed by
verified vertices extracted from these terms. As the manifest/quasi manifest LRSM
Lagrangian contains a large number of vertices, only selected ones are accompanied by
implicit Feynman rules. For each selected vertex, a list of other verified vertices of the
same type is given underneath, below the dashed line.
In addition to the verification of the model file Lagrangian, some results produced
by the model file were compared with the corresponding literature based results. The
comparison was made for a range of processes and parameter values, for which the
output of the model file was cross checked with independent calculations and with
results from the literature. Table 3 lists verified cross-sections and widths of some
characteristic MLRSM processes which are either explicitly shown in the literature
or calculated using literature-based guidelines given for similar processes. For each
process (tested by the model file) presented in the left column a corresponding verified
expression (i.e. a cross-section or a decay width in agreement with the model file result)
is shown in the middle column, and the relevant verification source appears in the right
column. Some representative results from Table 3 are shown in Fig. 3.
5.2. Comparison with the SM
The processes chosen for the comparison with the SM were tested by taking the
appropriate SM limit of the parameters of the MLRSM model file and confronting
them with results computed using the default FeynRules SM model file which can be
found for reference in the FeynRules model database. In particular, the SM limit of
the MLRSM model file was obtained by the following adjustments:
1. Elimination of the gauge boson mixings by
25
• setting vR → ∞, i.e. a very large number, which eliminates with neutral
gauge boson mixing angle (φ = 0), and also leads to MW2,Z2 →∞.
• setting k2 = 0, which leads to W −W2 decoupling (ξ = 0)11,
2. Assigning values to the parameters of the Higgs potential according to the follow-
ing guidelines (see the expressions for the Higgs masses in Appendix B):
• λ1 = λSM (the H Higgs particle is assumed accordingly to be the SM Higgs),
• 0 < 2ρ1 < ρ3,
• 0 < α3, ρ2.
3. Assigning the following values to the Majorana neutrino masses:
MLight neutrinos = 0, MHeavy neutrinos →∞, (5.1)
which leads to decoupling of the light and heavy neutrinos.
The programs used were FeynRules (using its inner automatic 1 → 2 calculation
function [26]) for the 1→ 2 decays and CalcHEP for the 2→ 2 processes. Total decays
of the SM gauge bosons, Higgs and top quark are compared in Table 4. The comparison
of 2→ 2 processes is given in Table 5. This Table is divided into different combinations
of particle types (i.e. fermion, scalar, boson). Note that the cross sections/decay widths
in the Tables 4 and 5 have to be multiplied by the exponent factor given in the column
denoted by Exp..
5.3. Comparing MLRSM results in matrix element generators
Processes based on the MLRSM model file which were tested on different programs
are shown in Table 6 (1→ 2 decays) and in Table 7 (2→ 2 processes). The 1→ 2 decays
were tested on CalcHEP, MadGraph5_aMC@NLO and FeynRules (using its inner automatic
1 → 2 calculation function), and the 2 → 2 processes were tested on CalcHEP and
MadGraph5_aMC@NLO. The external (user controlled) parameter values used to obtain
the cross sections (see Appendix D) were chosen somewhat arbitrarily, by only requiring
that
• The mass of H (the SM Higgs) be in proximity to its known value,
• The heavy gauge bosons (produced by the Higgs VEV vR) be observable at the
LHC, i.e. of a mass scale of ∼ 1− 10 TeV.
The Monte Carlo results for the 2 → 2 processes in Table 7 are divided into different
combinations of particle types. These results are given with a three digit precision (in
contrast to the other tables) as higher precision would give no additional information.
Unlike Table 5, in Table 7 we do not present explicitly the Monte-Carlo uncertainties.
11The expression for k2 in the model file is derived from the expression of W in the MLRSM (3.75).
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The reason is that the FeynRules web interface [27], which we used for evaluating a
large number of cross sections, often returned uncertainties of different scale for the
CalcHEP and MadGraph5_aMC@NLO calculations. Therefore, in Table 7 we demonstrate
the statistical consistency of the results from the two programs by using the value of
χ2, given as [3]
χ2 =
∑
i=CH,MG
(
σi − σb
∆σi
)2
(5.2)
where σi is the cross section produced by the relevant generator in the unitary gauge
(i =CalcHEP (CH), MadGraph5_aMC@NLO (MG)), ∆σi is the Monte Carlo uncertainty
returned by that generator and σb is the best value for the cross section, defined as
σb =
∑
i
σi/(∆σi)
2
(
∑
i
1/∆σ2i )
. (5.3)
Considering a theoretical χ2T HEORY distribution with one degree of freedom
12 and a stan-
dard deviation of σT HEORY (with the χ2 distribution values: 1σT HEORY = 1.00, 2σT HEORY =
4.00, 3σT HEORY = 9.00 [28]), and examining the complete list shown in Table 7 of 2→ 2
processes tested in CalcHEP and MadGraph5_aMC@NLO, we find that out of 200 processes
The χ2 of 140 processes (70%) are distributed within 1σT HEORY range,
The χ2 of 192 processes (96%) are distributed within 2σT HEORY range and
The χ2 of 198 processes (99%) are distributed within 3σT HEORY range.
Thus, the distribution of the χ2 defined in Eq.(5.2) corresponds well to the normal
distribution of the theoretical χ2T HEORY , indicating a correct implementation of the
model file [3].
5.4. Cancellations of unitarity violating contributions
Tables 5 and 7 contain a number of processes with contributions which violate
unitarity at high energies. However, as required in renormalizable models, these con-
tributions cancel each other, thus allowing the corresponding cross sections to preserve
unitarity. Examples of processes which manifest the restoration of unitarity at high
energies are presented in figure 1 (for MLRSM processes with MLRSM-SM common
external particles) and in figure 2 (for MLRSM processes containing some beyond-SM
external particles).
12The number of degrees of freedom is, for the current comparison, one, as two data files with
unitary gauge are compared, see e.g., [3].
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Figure 1: Lowest order total cross-sections to MLRSM processes with MLRSM-SM
common external particles which manifest unitarity restoration.
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Figure 2: Lowest order total cross-sections which manifest unitarity restoration to
MLRSM processes containing some beyond SM particles.
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Table 2: Comparison of the LRSM model file results with the corresponding literature
expressions (Refs. [5] and [6])
Lagrangian term:
∑
Ψ=(Q),(L) Ψ¯Lγ
µ(i∂µ + g
τ
2
~WLµ + g
′ Y
2 Bµ)ΨL + (L→ R)
u¯W+µd⇒ g√
2
γµ(PL cos ξ U
CKM
L − PR sin ξ UCKMR )
u¯W+2 d and the vertices h.c.
u¯Zµu⇒ ig2 cosφ cos ΘwγµPL + ig
′ sinφ sin ΘwγµPL
6 cos Θw
− ig cosφ sin2 ΘwγµPL6 cos Θw +
ig′ sinφ sin ΘwγµPR
6 cos Θw
− 2ig cosφ sin2 ΘwγµPR3 cosw −
ig sinφ
√
1−2 sin2 ΘwγµPR
2 cosw
d¯Zµd, u¯Aµu, d¯Aµd, u¯Zµ2 u, d¯Z
µ
2 d.
N¯W+µl⇒ ig√
2
γµ(PL cos ξ KL − PR sin ξ KR)
N¯W+2 l and the vertices h.c.
N¯ZµN ⇒ [ ig2 cosφ cos Θw − ig′ sinφ sin Θw2 cos Θw + ig cosφ sin2 Θw2 cos Θw ]((KLK†L)γµPL − (KLK†L)T γµPR)
+
[− ig′ sinφ sin Θw2 cos Θw − ig sinφ√1−2sin2Θw2 cos Θw ](KRK†RγµPR − (KRK†R)T γµPL)
l¯Zl, N¯Zµ2N, l¯Z
µ
2 l, l¯A
µl
Lagrangian term: − 14WµνLi WLiµν − 14WµνRiWRiµν − 14BµνBµν
W−ν1 (x)W
+γ
1 (y)Z
δ(z)⇒ −ig(∂xγgνδ − ∂xδ gνγ − ∂yνgγδ + ∂yδ gνγ + ∂zνgγδ − ∂zγgνδ)
× [(− sin2 ΘWcos ΘW cosφ− √cos 2ΘWcos ΘW sinφ) sin2 ξ + cos ΘW cosφ cos2 ξ]
W−ν1 (x)W
+γ
1 (y)Z
δ
2(z), W
−ν
2 (x)W
+γ
2 (y)Z
δ
2(z), W
−ν
1 (x)W
+γ
1 (y)A
δ(z),
W−ν2 (x)W
+γ
2 (y)A
δ(z), W−ν2 (x)W
+γ
2 (y)Z
δ(z).
W−ν1 (x)W
+γ
2 (y)Z
δ(z)⇒ −ig(∂xγgνδ − ∂xδ gνγ − ∂yνgγδ + ∂yδ gνγ + ∂zνgγδ − ∂zγgνδ)
[
(cos ΘW cosφ
+ sin
2 ΘW
cos ΘW
cosφ+
√
cos 2ΘW
cos ΘW
sinφ
]
cos ξ sin ξ
W−ν1 (x)W
+γ
2 (y)Z
δ
2(z) and the vertices h.c.
W−µ1 W
+ν
1 Z
γZδ ⇒ −ig2(2gµνgγδ − gµγgνδ − gµδgνγ)
[
(cos2 ΘW cos
2 φ cos2 ξ + ( sin
2 ΘW
cos ΘW
cosφ
+
√
cos 2ΘW
cos ΘW
sinφ)2 sin2 ξ
]
Continued on next page
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W−µ1 W
+ν
1 Z
γ
2Z
δ
2 , W
−µ
1 W
+ν
1 A
γAδ, W−µ2 W
+ν
2 Z
γZδ, W−µ2 W
+ν
2 Z
γ
2Z
δ
2 , W
−µ
2 W
+ν
2 A
γAδ.
W−µ1 W
+ν
2 Z
γZδ ⇒ −ig2(2gµνgγδ − gµγgνδ − gµδgνγ)
[
(cos2 ΘW cos
2 φ− ( sin2 ΘWcos ΘW cosφ
+
√
cos 2ΘW
cos ΘW
sinφ)2) sin ξcosξ
]
W−µ1 W
+ν
2 Z
γ
2Z
δ
2 and the vertices h.c.
W−µW+νZγZδ2 ⇒ −ig2(2gµνgγδ − gµγgνδ − gµδgνγ)
[
(− sin
2 ΘW
cos ΘW
cosφ−
√
cos 2ΘW
cos ΘW
sinφ)
(− sin
2 ΘW
cos ΘW
sinφ+
√
cos 2ΘW
cos ΘW
cosφ) sin2 ξ + cos2 ΘW sinφ cosφ cos
2 ξ
]
W−µW+νZγAδ, W−µW+νZγ2A
δ, W−µ2 W
+ν
2 Z
γZδ2 , W
−µ
2 W
+ν
2 Z
γAδ, W−µ2 W
+ν
2 Z
γ
2A
δ.
W−µW+ν2 Z
γZδ2 ⇒ −ig2(2gµνgγδ − gµγgνδ − gµδgνγ)× (cos2 ΘW sinφ cosφ− (− sin
2 ΘW
cos ΘW
cosφ
−
√
cos 2ΘW
cos ΘW
sinφ)(− sin
2 ΘW
cos ΘW
sinφ+
√
cos 2ΘW
cos ΘW
cosφ)) sin ξ cos ξ
W−µW+ν2 Z
γAδ, W−µW+ν2 Z
γ
2A
δ and the vertices h.c.
W−µW−νW+γW+δ ⇒ ig2(2gµνgγδ − gµγgνδ − gµδgνγ)× (sin4 ξ + cos4 ξ)
W−µ2 W
−ν
2 W
+γ
2 W
+δ
2
W−µ1 W
−ν
1 W
+γ
1 W
+δ
2 ⇒ ig2(2gµνgγδ − gµγgνδ − gµδgνγ)× (− sin3 ξ cos ξ + cos3 ξ sin ξ)
W−µ2 W
−ν
2 W
+γ
2 W
+δ
1 , W
−µ
2 W
−ν
2 W
+γ
1 W
+δ
1 and the vertices h.c.
W−µ1 W
−ν
1 W
+γ
1 W
+δ
2 ⇒ ig2(2gµνgγδ − gµγgνδ − gµδgνγ)× 2 sin2 ξ cos2 ξ
Lagrangian term:
∑
i,j
[− L¯iL ((hL)ijφ+ (h˜L)ij φ˜)LjR − Q¯iL ((hQ)ijφ+ (h˜Q)ij φ˜)QjR
−L¯ciLΣR(hM )ijLjR − L¯ciRΣL(hM )ijLjL
]
+ h.c.,
u¯Hu⇒ − i√
k21+k
2
2
Mudiag
d¯Hd
u¯H01u⇒ i
{[− √k21+k22
k2−
UCKML M
d
diagU
CKM†
R +
2k1k2
(k2−)
√
k21+k
2
2
Mudiag
]
PR + h.c.
}
d¯H01d, u¯A
0
1u, d¯A
0
1d
Continued on next page
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u¯H+2 d⇒
[−i√2k21+2k22
k2−
MudiagU
CKM
R +
2i
√
2k1k2
(k2−)
√
k21+k
2
2
UCKML M
d
diag
]
PR
+
[ i√2k21+2k22
k2−
UCKMR M
d
diag − 2i
√
2k1k2
(k2−)
√
k21+k
2
2
MudiagU
CKM
L
]
PL
The vertex h.c.
N¯HN ⇒ −i{[KLK†LMνdiag 1√k21+k22KRK†R + (KLK†LMνdiag 1√k21+k22KRK†R)T ]PR + h.c.}
N¯H01N, N¯H
0
2N, N¯H
0
3N, N¯A
0
1N, N¯A
0
2N
l¯Hl⇒ −i{ 1√
k21+k
2
2
M ldiag
}
l¯H01 l, l¯A
0
1l
N¯H+1 l⇒ ivRK∗LW lKTRMνdiagKRW lPL
N¯H+2 l and the vertices h.c.
l¯cH++R l⇒ i
{
1√
2vR
[
KTRM
ν
diagKR + (K
T
RM
ν
diagKR)
T
]
PR
}
l¯cH++L l and the vertices h.c.
Kinetic Higgs part: Tr
[
(Dµ∆L)
†
(Dµ∆L)
]
+ Tr
[
(Dµ∆R)
†
(Dµ∆R)
]
+ Tr
[
(Dµφ)
†
(Dµφ)
]
Lagrangian term: g
2
2
([
k2φ
−
1 − k1φ−2
]
W3RµW
+µ
L +
[
k2φ
−
2 − k1φ−1
]
W3LµW
+µ
R
)
H−2 AµW
+µ
2 ⇒ i g
2(k22−k21)
2
√
k21+k
2
2
sin Θw cos ξ
H−2 AµW
+µ, H−2 ZµW
+µ, H−2 ZµW
+µ
2 , H
−
2 Z2µW
+µ, H−2 Z2µW
+µ
2 .
Lagrangian term: − g2vR√
2
W+RµW
+µ
R δ
−−
R
W+2µW
+µ
2 δ
−−
R ⇒ −i
√
2g2vR cos
2 ξ
W+µ W
+µδ−−R , W
+
µ W
+µ
2 δ
−−
R .
Lagrangian term: g
2
4
√
2
[
φ01k1 + φ
0
2k2
]
(W3Lµ −W3Rµ)(Wµ3L −Wµ3R) +h.c.
HZµZ
µ ⇒ ig2
√
k21 + k
2
2
[
cos2 φ cos2 Θw
2 +
sin2 φ
2 cos2 Θw
+ cos2 φ sin2 Θw − sin
2 φ sin2 Θw
cos2 Θw
+ cos
2 φ sin4 Θw
2 cos2 Θw
+ cosφ sinφ
√
1− 2 sin2 Θw + cosφ sinφ sin
2 Θw
√
1−2 sin2 Θw
cos2 Θw
]
HZµZ
µ
2 , HZ2µZ
µ
2
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Lagrangian term: vR√
2
δ0R(gW3Rµ − g′Bµ)(gWµ3R − g′Bµ) +h.c.
H02ZµZ
µ ⇒ 2ivRcos2 Θw
[
g2 sin2 φ− 2gg′ cosφ sinφ sin Θw + g′2 cos2 φ sin2 Θw + g′2 sin2 φ sin2 Θw
−2g2 sin2 φ sin2 Θw + 6gg′ cosφ sinφ sin3 Θw − 2g′2 cos2 φ sin4 Θw + g2 cos2 φ sin4 Θw
+2(g2 − g′2) cosφ sinφ sin2 Θw
√
1− 2 sin2 Θw − 2gg′ cos2 φ sin3 Θw
√
1− 2 sin2 Θw
+2gg′ sin2 φ sin Θw
√
1− 2 sin2 Θw
]
H02ZµZ
µ, H02ZµZ
µ
2 , H
0
2Z2µZ
µ
2 .
Lagrangian term: g
2
2
√
2
[
k1φ
0
1 + k2φ
0
2
] (
W+LµW
−µ
L +W
+
RµW
−µ
R
)
− g2√
2
[
k2φ
0
1 + k1φ
0∗
2
]
W+LµW
−µ
R
+ g
2vR√
2
δ0RW
+
RµW
−µ
R + h.c.
HW−µ W
+µ ⇒ i2g2
√
k21 + k
2
2 +
2ig2k1k2 sin ξ cos ξ√
k21+k
2
2
H02WµW
+µ
2 , A
0
1WµW
+µ
2 , H
0
1WµW
+µ
2 , HWµW
+µ
2 , H
0
2W2µW
+µ
2 , HW2µW
+µ
2 ,
H01W2µW
+µ
2 , H
0
2WµW
µ, H01WµW
µ.
Lagrangian term: ig2
[
(∂µφ+1 )φ
−
1 − (∂µφ−2 )φ+2
]
(W3Lµ +W3Rµ)− ig′
[ (
∂µδ−R
)
δ+R
+
(
∂µδ−L
)
δ+L
]
Bµ + h.c.
AµH+2 H
−
2 ⇒ ig sin Θw
(
pµ
H+2
− pµ
H−2
)
ZµH+2 H
−
2 , Z
µ
2H
+
2 H
−
2 , A
µH+1 H
−
1 , Z
µH+1 H
−
1 , Z
µ
2H
+
1 H
−
1 .
Lagrangian term: − i[(∂µδ−−R )δ++R ](gW3Rµ + g′Bµ)− i[(∂µδ−−L )δ++L ](gW3Rµ + g′Bµ)
+ h.c.
AµH++R H
−−
R ⇒ i
(
g sin Θw + g
′√1− 2 sin2 Θw)(pµH++R − pµH−−R )
ZH++R H
−−
R , Z2H
++
R H
−−
R , AH
++
L H
−−
L , ZH
++
L H
−−
L , Z2H
++
L H
−−
L .
Lagrangian term: − ig[(∂µδ+R)δ−−R − (∂µδ−−R )δ+R]W+Rµ − ig[(∂µδ+L )δ−−L − (∂µδ−−L )δ+L ]W+Lµ
+ h.c.
H+1 H
−−
L W
+µ ⇒ −ig cos ξ pµ
H+1
+ ig cos ξ pµ
H−−L
Continued on next page
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H+1 H
−−
L W
+
2 and the vertices h.c.
Lagrangian term: ig√
2
[ (
∂µφ−2
)
φ0∗1 −
(
∂µφ−1
)
φ02 +
(
∂µφ02
)
φ−1 −
(
∂µφ0∗1
)
φ−2
]
W+µL
+ ig√
2
[ (
∂µφ−1
)
φ01 −
(
∂µφ−2
)
φ0∗2 +
(
∂µφ0∗2
)
φ−2 −
(
∂µφ01
)
φ−1
]
W+µR and h.c.
HH−2 W
+µ ⇒ ig sin ξ√
2
k2−
k21+k
2
2
(pµH − pµH−2 )
A01H
−
2 W
+, H01H
−
2 W
+, A01H
−
2 W
+
2 , HH
−
2 W
+
2 , H
0
1H
−
2 W
+
2 and the vertices h.c.
Lagrangian term: ig
[−√2 (∂µδ−L ) δ0L +√2 (∂µδ0L) δ−L ]W+µL
+ig
[−√2 (∂µδ−R) δ0R +√2 (∂µδ0R) δ−R]W+µR + h.c.
H03H
−
1 W
+µ ⇒ ig cos ξ√
2
(
pµ
H03
− pµ
H−1
)
A02H
−
1 W
+µ, A02H
−
1 W
+µ
2 , H
0
3H
−
1 W
+µ
2 and the vertices h.c.
Lagrangian term: ig2
[ (
∂µφ01
)
φ0∗1 −
(
∂µφ02
)
φ0∗2
]
(W3Lµ −W3Rµ)
+i
[ (
∂µδ0∗L
)
δ0L
]
(gW3Lµ − g′Bµ) + h.c.
A01H
0
1Z ⇒ gpµA01
[
g
2 cos Θw cosφ+
g
2 cos Θw
(sin Θw cosφ+
√
1− 2 sin Θw sinφ)
]− (pµ
A01
→ pµ
H01
)
A01H
0
1Z2, A
0
2H
0
3Z. A
0
2H
0
3Z2
Lagrangian term: g
2
4
[
φ+2 φ
−
2 + φ
+
2 φ
−
2
]
(W3Lµ +W3Rµ)(W
µ
3L +W
µ
3R) + g
′2[δ+L δ−L ]BµBµ
AAH+1 H
−
1 ⇒ 2ig′2 cos 2Θw
H+1 H
−
1 AµZ
µ, H+1 H
+
1 ZµZ
µ, H+1 H
−
1 AµZ
µ
2 , H
+
1 H
−
1 ZµZ
µ
2 , H
+
1 H
−
1 Z2µZ
µ
2 , H
+
2 H
−
2 AµA
µ,
H+2 H
−
2 AµZ
µ, H+2 H
−
2 ZµZ
µ, H+1 H
−
1 AµZ
µ
2 , H
+
2 H
−
2 ZµZ
µ
2 , H
+
2 H
−
2 Z2µZ
µ
2 .
Lagrangian term: g
2
4
[
φ+2 φ
−
2 + φ
+
2 φ
−
2
]
(W−LµW
+µ
L +W
−
RµW
+µ
R ) + 2g
2δ+Rδ
−
RW
−
RµW
+µ
R
+2g2δ+L δ
−
LW
−
LµW
+µ
L
H+2 H
−
2 W
+
2µW
−µ
2 ⇒ ig
2
2
H+2 H
−
2 W
+
µ W
µ, H+1 H
−
1 W
+
2µW
−µ
2 , H
+
1 H
−
1 W
+
µ W
−µ
2 , H
+
1 H
−
1 W
−
µ W
+µ
2 , H
+
1 H
−
1 W
+
µ W
−µ.
Lagrangian term: δ++R δ
−−
R
[
(gW3Rµ + g
′Bµ)(gW
µ
3R + g
′Bµ)
]
+ (R→ L)
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H++R H
−−
R AµA
µ ⇒ 2i(g2 sin Θw + g′2 cos 2Θw + 2gg′ sin Θw
√
cos 2Θw)
H++R H
−−
R AµZ
µ, H++R H
−−
R ZµZ
µ, H++R H
−−
R AµZ
µ
2 , H
++
R H
−−
R ZµZ
µ
2 , H
++
R H
−−
R Z2µZ
µ
2
and (R→ L).
Lagrangian term: g2δ++R δ
−−
R W
−
RµW
+µ
R + (R→ L)
H++R H
−−
R W
+
µ W
−µ ⇒ ig2 sin2 ξ
H++R H
−−
R W
+
µ W
−µ
2 , H
++
R H
−−
R W
+
2µW
−µ, H++R H
−−
R W
+
2µW
−µ
2 and (R→ L).
Lagrangian term: − g2φ+2 φ+1 W−LµW−µR +h.c.
H+2 H
+
2 W
−
µ W
−µ ⇒ 4ig2 k1k2
k21+k
2
2
sin ξ cos ξ
H+2 H
+
2 W
−
µ W
−µ
2 , H
+
2 H
+
2 W
−
2µW
−µ
2 and the vertices h.c.
Lagrangian term: − g δ+Rδ−−R (2g′Bµ + gWµ3R)W+Rµ + (R→ L) +h.c.
AµW
+µH+1 H
−−
L ⇒ −ig cos ξ (g sin Θw + 2g′
√
cos 2Θw)
AµW
+µ
2 H
+
1 H
−−
L , ZµW
+µH+1 H
−−
L , ZµW
+µ
2 H
+
1 H
−−
L , Z2µW
+µH+1 H
−−
L , Z2µW
+µ
2 H
+
1 H
−−
L
and the vertices h.c.
Lagrangian term: g
2
√
2
(
[
φ−1 φ
0
2 − φ−2 φ0∗1
]
Wµ3RW
+
Lµ +
[
φ−2 φ
0∗
2 − φ−1 φ01
]
Wµ3LW
+
Rµ) +h.c.
AµW
+µH−2 A
0
1 ⇒ −g
2 sin Θw (cos ξ(k
2
1+k
2
2)+2k1k2 sin ξ)
2(k21+k
2
2)
AµW+µH
−
2 H
0
1 , AµW
+µH−2 H, AµW
+µ
2 H
−
2 H, AµW
+µ
2 H
−
2 A
0
1, AµW
+µ
2 H
−
2 H
0
1 , ZµW
+µH−2 A
0
1,
ZµW+µH
−
2 H
0
1 , ZµW
+µH−2 H, ZµW
+µ
2 H
−
2 H, ZµW
+µ
2 H
−
2 A
0
1, ZµW
+µ
2 H
−
2 H
0
1 , Z2µW
+µH−2 A
0
1,
Z2µW+µH
−
2 H
0
1 , Z2µW
+µH−2 H, Z2µW
+µ
2 H
−
2 H, Z2µW
+µ
2 H
−
2 A
0
1, Z2µW
+µ
2 H
−
2 H
0
1 and h.c.
Lagrangian term: g
[
δ−Rδ
0
R
]
(2g′Bµ − gWµ3R)W+Rµ + (R→ L) +h.c.
AµW
+µH−1 A
0
2 ⇒ g cos ξ(g sin Θw−2g
′√1−2 sin2 Θw)√
2
AµW+µH
−
1 H
0
3 , AµW
+µ
2 H
−
1 A
0
2, AµW
+µ
2 H
−
1 H
0
3 , ZµW
+µH−1 A
0
2, ZµW
+µH−1 H
0
3 , Z2µW
+µ
2 H
−
1 H
0
3 ,
ZµW
+µ
2 H
−
1 A
0
2, ZµW
+µ
2 H
−
1 H
0
3 , Z2µW
+µH−1 A
0
2, Z2µW
+µH−1 H
0
3 , Z2µW
+µ
2 H
−
1 A
0
2, and h.c.
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Lagrangian term: − g2 [δ−−R δ0R]W+RµW+µR + (R→ L) +h.c.
W+µ W
+µH03H
−−
L ⇒ −i
√
2g2 cos2 ξ
W+µ W
+µ
2 H
0
3H
−−
L , W
+
2µW
+µ
2 H
0
3H
−−
L , W
+
µ W
+µA02H
−−
L , W
+
µ W
+µ
2 A
0
2H
−−
L , W
+
2µW
+µ
2 A
0
2H
−−
L and h.c.
Lagrangian term: g
2
4
[
φ01φ
0∗
1 + φ
0
2φ
0∗
2
]
(W3Lµ −W3Rµ)(Wµ3L −Wµ3R)
ZµZ
µHH ⇒ ig22 (cos Θw cosφ+ sin
2 Θw
cos Θw
cosφ+
√
1−2 sin2 Θw
cos Θw
sinφ)2
ZµZµA01A
0
1, ZµZ
µH01H
0
1 , ZµZ
µ
2A
0
1A
0
1, ZµZ
µ
2HH, ZµZ
µ
2H
0
1H
0
1 , Z2µZ
µ
2A
0
1A
0
1, Z2µZ
µ
2HH, Z2µZ
µ
2H
0
1H
0
1 .
Lagrangian term:
[
δ0Rδ
0∗
R
]
(gW3Rµ − g′Bµ)(gWµ3R − g′Bµ) + (R→ L)
ZµZ
µH03H
0
3 ⇒ 2i(g cos Θw cosφ+ g′ tan Θw
√
1− 2 sin2 Θw cosφ− g′ tan Θw sinφ)2
ZµZ
µ
2H
0
3H
0
3 , Z2µZ
µ
2H
0
3H
0
3 , ZµZ
µH02H
0
2 , ZµZ
µ
2H
0
2H
0
2 , Z2µZ
µ
2H
0
2H
0
2 , ZµZ
µA02A
0
2,
ZµZ
µ
2A
0
2A
0
2, Z2µZ
µ
2A
0
2A
0
2.
Lagrangian term: g2
[
δ0Rδ
0∗
R
]
W+RµW
−µ
R + (R→ L)
W−µ W
+µH03H
0
3 ⇒ ig2 cos2 Θw
W−µ W+µ2 H
0
3H
0
3 , W
−
2µW
+µH03H
0
3 , W
−
2µW
+µ
2 H
0
3H
0
3 , W
−
µ W
+µH02H
0
2 , W
−
2µW
+µH02H
0
2 , W
−
µ W
+µ
2 H
0
2H
0
2 ,
W−2µW
+µ
2 H
0
2H
0
2 , W
−
µ W
+µA02A
0
2, W
−
2µW
+µA02A
0
2, W
−
µ W
+µ
2 A
0
2A
0
2, W
−
2µW
+µ
2 A
0
2A
0
2.
Lagrangian term: − g2
([
φ01φ
0∗
2
]
W−LµW
+
Rµ +
[
φ0∗1 φ
0
2
]
W+LµW
−µ
R
)
+ g
2
2
[
φ01φ
0∗
1 + φ
0
2φ
0∗
2
]
(W−LµW
µ+
L +W
−
RµW
µ+
R )
W−µ W
+µHH ⇒ ig22 + 2ig
2k1k2
k21+k
2
2
cos ξ sin ξ
W+µ W
−µ
2 A
0
1H, W
+
µ W
−µ
2 HH, W
+
µ W
−µ
2 A
0
1A
0
1, W
+
µ W
−µ
2 H
0
1H
0
1 , W
+
µ W
−µ
2 H
0
1H and h.c.
W+µ W
−µA01A
0
1, W
+
µ W
−µH01H
0
1 , W
+
µ W
−µHH01 , W
+
2µW
−µ
2 A
0
1A
0
1, W
+
2µW
−µ
2 H
0
1H
0
1 ,
W+2µW
−µ
2 HH
0
1 , W
+
2µW
−µ
2 HH.
Lagrangian section: V (φ,∆L,∆R)
Lagrangian terms: λ1
((
Tr
[
φφ†
])2)
+ λ2
((
Tr[φ˜φ†]
)2
+
(
Tr[φ˜†φ]
)2)
Continued on next page
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+λ3
(
Tr[φ˜φ†]Tr[φ˜†φ]
)
+ λ4
(
Tr[φφ†]
(
Tr[φ˜φ†] + Tr[φ˜†φ]
))
HHHH ⇒ −6i
(k21+k
2
2)
2
[
λ1(k
2
1 + k2
2)2 + 8λ2k
2
1k
2
2 + 4λ3k
2
1k
2
2 + 4λ4k1k2(k
2
1 + k
2
2)
]
HHH ⇒ −6i
(k21+k
2
2)
3/2
[
λ1(k
2
1 + k2
2)2 + 8λ2k
2
1k
2
2 + 4λ3k
2
1k
2
2 + 4λ4k1k2(k
2
1 + k
2
2)
]
A01A
0
1A
0
1A
0
1, A
0
1A
0
1HH, A
0
1A
0
1H
0
1H
0
1 , HH
0
1H
0
1 , HHH
0
1H
0
1 , H
0
1H
0
1H
0
1H
0
1 , A
0
1A
0
1H
+
2 H
−
2 ,
HH+2 H
−
2 , HHH
+
2 H
−
2 , H
0
1H
0
1H
+
2 H
−
2 , H
+
2 H
+
2 H
−
2 H
−
2 , A
0
1A
0
1H, A
0
1A
0
1HH
0
1 , HHHH
0
1 ,
HH01H
0
1H
0
1 , HH
0
1H
+
2 H
−
2 , A
0
1A
0
1H
0
1 , HHH
0
1 , H
0
1H
0
1H
0
1 , H
0
1H
+
2 H
−
2 .
Lagrangian terms: ρ1
((
Tr[∆L∆
†
L]
)2
+
(
Tr[∆R∆
†
R]
)2)
+ ρ2
(
Tr[∆L∆L]Tr[∆
†
L∆
†
L]
+Tr[∆R∆R]Tr[∆
†
R∆
†
R]
)
+ ρ3
(
Tr[∆L∆
†
L]Tr[∆R∆
†
R]
)
+ρ4
(
Tr[∆L∆L]Tr[∆
†
R∆
†
R] + Tr[∆
†
L∆
†
L]Tr[∆R∆R]
)
.
A02A
0
2A
0
2A
0
2 ⇒ −6iρ1, H+1 H−1 H++R ⇒ −2i
√
2ρrvR,
H++L H
−−
L H
++
R H
−−
R ⇒ −iρ3, H+1 H+1 H−1 H−1 ⇒ −4i(ρ1 + ρ2).
H02H
0
2H
0
2H
0
2 , A
0
2A
0
2H
0
3H
0
3 , H
0
3H
0
3H
0
3H
0
3 , A
0
2A
0
2H
0
3 , A
0
2A
0
2H
+
1 H
−
1 , H
0
3H
0
3H
+
1 H
−
1 , H
0
3H
0
3H
++
L H
−−
L ,
H+1 H
−
1 H
++
L H
−−
L , H
++
L H
++
L H
−−
L H
−−
L , H
0
2H
0
2H
++
R H
−−
R , H
0
3H
0
3H
0
3 , H
++
R H
++
R H
−−
R H
−−
R ,
A02A
0
2H
++
L H
−−
L , H
0
3H
+
1 H
−
1 , H
0
3H
++
L H
−−
L , H
0
2H
0
2H
0
2 , H
0
2H
++
R H
−−
R , A
0
2A
0
2H
0
2H
0
2 , H
0
2H
0
2H
0
3H
0
3 ,
H02h
0
2H
+
1 H
−
1 , H
0
2H
0
2H
++
L H
−−
L , H
0
2H
0
2H
0
3 , A
0
2A
0
2H
++
R H
−−
R , H
0
3H
0
3H
++
R H
−−
R , H
+
1 H
−
1 H
++
R H
−−
R ,
H++L H
−−
L H
++
R H
−−
R , A
0
2A
0
2H
0
2 , H
0
2H
0
2H
0
3 , H
0
2H
+
1 H
−
1 , H
0
2H
++
L H
−−
L , H
0
2H
−
1 H
−
1 H
++
R , A
0
2H
0
2H
−−
L H
++
R ,
H02H
0
3H
++
L H
−−
R , H
0
2H
0
3H
−−
L H
++
R , H
0
2H
−−
L H
++
R , H
−
1 H
−
1 H
++
R , A
0
2H
−−
L H
++
R , H
0
3H
−−
L H
++
R
and the relevant vertices h.c.
Lagrangian terms:
α1Tr[φφ
†]
(
Tr[∆L∆
†
L] + Tr[∆R∆
†
R]
)
+ α2
(
Tr[φφ˜†]Tr[∆R∆
†
R]
+Tr[φ†φ˜]Tr[∆L∆
†
L]
)
+ α∗2
(
Tr[φ†φ˜]Tr[∆R∆
†
R] + Tr[φ˜
†φ]Tr[∆L∆
†
L]
)
+α3
(
Tr[φφ†∆L∆
†
L] + Tr[φ
†φ∆R∆
†
R]
)
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A02A
0
2HH ⇒ −i(α1 + 4 k1k2k21+k22 α2 +
k21
k21+k
2
2
α3)
HH+1 H
−
1 ⇒ −i
√
k21 + k
2
2(α1 +
1
2α3 + 4
k1k2
k21+k
2
2
α2)
A01A
0
1A
0
2A
0
2, A
0
2A
0
2H
0
1H
0
1 , A
0
1A
0
1H
0
2H
0
2 , HHH
0
2H
0
2 , H
0
1H
0
1H
0
2H
0
2 , A
0
1A
0
1H
0
3H
0
3 , HHH
0
3H
0
3 , A
0
1A
0
1H
+
1 H
−
1 ,
HHH+1 H
−
1 , H
0
1H
0
1H
+
1 H
−
1 , A
0
2A
0
2H
+
2 H
−
2 , H
0
1H
0
1H
+
1 H
−
1 , H
0
2H
0
2H
+
2 H
−
2 , H
0
3H
0
3H
+
2 H
−
2 , H
+
1 H
−
1 H
+
2 H
−
2 ,
A01A
0
1H
++
L H
−−
L , HHH
++
L H
−−
L , H
0
1H
0
1H
++
L H
−−
L , H
+
2 H
−
2 H
++
L H
−−
L , A
0
1A
0
1H
++
R H
−−
R , A
0
1A
0
1H
0
3 ,
HHH++R H
−−
R , H
0
1H
0
1H
++
R H
−−
R , H
+
2 H
−
2 H
++
R H
−−
R , HHH
0
3 , H
0
1H
0
1H
0
3 , H
0
3H
+
2 H
−
2 , A
0
1A
0
1H
0
3 , HHH
0
2 ,
H01H
0
1H
0
2 , H
0
2H
+
2 H
−
2 , A
0
2A
0
2H, HH
0
2H
0
2 , HH
++
L H
−−
L , HH
++
R H
−−
R , A
0
2A
0
2HH
0
1 , HH
0
1H
0
2H
0
2 ,
HH01H
0
3H
0
3 , HH
0
1H
+
1 H
−
1 , HH
0
1H
++
L H
−−
L , HH
0
1H
++
R H
−−
R , A
0
2A
0
2H
0
1 , H
0
1H
0
2H
0
2 , H
0
1H
0
3H
0
3 , H
0
1H
+
1 H
−
1 ,
H01H
++
L H
−−
L , H
0
1H
++
R H
−−
R , A
0
1A
0
2H
−
1 H
+2, A01H
0
3H
−
1 H
+
2 , A
0
1A
0
2H
+
1 H
−
2 , A
0
2H
0
1H
+
1 H
−
2 , A
0
1H
0
3H
+
1 H
−
2 ,
H01H
0
3H
+
1 H
−
2 , A
0
1H
−
1 H
−
2 H
++
L , H
0
1H
−
1 H
−
2 H
++
L , HH
0
3H
−
1 H
+
2 , A
0
1H
−
1 H
+
2 , H
0
1H
−
1 H
+
2 , HH
−
1 H
+
2 , A
0
2H
−
1
H+2 , H
0
3H
−
1 H
+
2 , H
−
1 H
−
2 H
++
L , HH
0
1H
0
3 , HH
0
1H
0
2 , H
0
1H
0
3H
−
1 H
+
2 , HH
−
1 H
−
2 H
++
L HH
0
3H
0
3 ,
H01H
0
1H
0
3H
0
3 , A
0
2H
0
1H
−
1 H
+
2 , and the relevant vertices h.c.
Table 3: Comparison with literature based calculations / results.
Process Verified result (formula) Source
N4
W1,2,Z−→ N1e+e− G
2
Fm
5
N4
192pi3 (sin
2 ξ + ∆K2L41), ∆ =
1
4 − sin2 ΘW + 2 sin4 ΘW Ref.[15]
N4
Z−→ N1N1N1 G
2
Fm
5
N4
192pi3 K
2
L41 Ref.[15]
N4
W2−→ e+ + hadrons 9G
2
Fm
5
N4
192pi3
(
MW1
MW2
)4
(diagonal CKM) Ref.[15]
µ+
W2−→ N2e+N1 G
2
Fm
5
µ
192pi3
(
MW1
MW2
)4
I
(
m2e
m2µ
)
, I(x) = 1− 8x+ 8x3 − x4 − 12x2ln(x) Ref.[29]
c
W2−→ s(e+N1 5G
2
Fm
5
µ
192pi3
(
MW1
MW2
)4
I
(
m2s
m2c
)
Ref.[29]
/µ+N2/ud¯)
e+e−
Z,Z2−→ µ+µ− g
4m4Z,Z2
12pim4W
(g2V + g
2
A)
s
(s−m2Z)2 + (ΓZ,Z2mZ,Z2)2
Ref.[30]
gV : The vec. coupling (coef. of γµ) of vertex l¯lZ (or Z2)
Continued on next page
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Process Verified result (formula) Source
gA: The ax. vec. coupling (coef. of γµγ5) of vertex l¯lZ (or Z2)
u d¯
W2−→ µ+N2 |U
CKM
Rud |2g2s
192pi
1
(s−M2W2)2 + (ΓW2MW2)2
Ref.[30]
N4 → ZN1 using Γ(N4 → Z,N1) = 12P 0N4 |M|
2 1
8piλ
1
2
(
1,
m2Z
m2N4
,
m2N1
m2N4
)
, Ref.[29]
|M|2 ≈ g2wg2A
4 cos ΘW 2
[
(m2N4 −m2Z)(2 +
m2N4
m2Z
)
]
, (mN1  mZ ,mN4)
gA is the axial vector coupling of the vertex
(neutrino creation phase assumed as zero).
Z2 → ZH using Γ(Z2 → Z,H), |M|2 = |f1|
2
3
[
2 +
(m2Z2
+m2Z−m2H)2
4m2Zm
2
Z2
]
, Ref.[31]
f1 = −i g
2
w
√
k21+k
2
2
4
[
cosφ
√
1−2 sin θW
cos θW
+ cos θW sinφ+
sin θW
2 sinφ
cos θW
]
×[ cos θW cosφ+ cosφ sin θW 2cos θW + √1−2 sin θW sinφcos θW ]
W2 →WH using Γ(W2 →W,H), |M|2(Z2 → Z,H) and replacing Ref.[31]
Z2 →W2, Z →W, f1 → f2 = i g
2
wk1k2(cos ξ
2−sin ξ2)√
k21+k
2
2
Z(/Z2)→ H++L,RH−−L,R
g2mZ,Z2
48pi
C2i (1−
4m2
H±±L,R
m2Z,Z2
)3/2, where the explicit couplings Ref.[32]
Ci(Z/Z2, H
±±
L/R) are given in Ref.[32]
H++R → µ+ µ+ using Γ(H++R → µ+ µ+)13, |M|2 = |f3|2(M2H++R − 2M
2
µ) Ref.[32]
f3 = −i 2√2νR (K
2
R22MN2 +K
2
R52MN5)
H+1 → µ+ νµ using Γ(H+1 → µ+ νµ), |M|2 = |f4|2(M2H+1 −M
2
µ) Ref.[29]
f4 =
−i
νR
W l22
2
(K2R22KL22MN2 +K
2
R52KL22MN5)
H01 → δ++R δ−−R using Γ(H01 → δ++R δ−−R ), |M|2 = |f5|2 Ref.[29]
f5 =
−i√
k21+k
2
2
((2k21 − 2k22)α2 + k1k2α3)
Continued on next page
13Integrating over half the phase space
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Process Verified result (formula) Source
Other The decays of extra SM gauge or Higgs bosons to 2 fermions
were fully verified.
Figure 3: Cross-section and decay widths of processes from Table 3. The dots corre-
spond to values calculated numerically by the model file while the curves
correspond to the theoretical results. The measuring unit is GeV for the
decays, except from Nµ → Z νµ which is given in units of 10−8 GeV. The
cross-section of u d¯ → W2 → µ+ νµ is given in units of 10−8 pb.
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Table 4: Comparison of FeynRules results for total 1 → 2 decay widths modes given
within the SM and within the MLRSM taken in the SM limit, see also text.
Decaying particle ΓSM (GeV) ΓMLRSM (GeV) Exp.
W 2.1172 2.1172
Z 2.5253 2.5253
H 5.8092 5.8092 10−3
t 1.5124 1.5124
Table 5: Cross sections, calculated with CalcHEP, of 2 → 2 processes in the SM and
in the SM limit of the MLRSM model file, see also text.
MLRSM Process
√
s PTcut σSM(pb) σMLRSM(pb) Exp.
e−, e− → e−, e− 200.0 50.0 1.2459± 0.0001 1.2459± 0.0001 102
e−, e+ → u, u¯ 200.0 50.0 4.1375± 0.0003 4.1377± 0.0003
e−, e+ → t, t¯ 1376.0 344.0 7.7181± 0.0005 7.7180± 0.0005 101
e−, µ− → e−, µ− 7000.0 0.0 1.3491± 0.0001 1.3491± 0.0001 101
µ−, µ− → µ−, µ− 200.0 50.0 1.2567± 0.0001 1.2567± 0.0001 10−2
µ−, µ+ → N1, N114 200.0 0.0 1.0486± 0.0001 1.0486± 0.0001
µ−, µ+ → u, u¯ 200.0 50.0 4.3506± 0.0003 4.3506± 0.0003
µ−, µ+ → c, c¯ 200.0 50.0 4.3501± 0.0003 4.3502± 0.0003
µ−, µ+ → t, t¯ 1377.0 344.25 7.4118± 0.0006 7.4120± 0.0006 10−2
µ−, τ+ → µ−, τ+ 200.0 50.0 8.3443± 0.0001 8.3444± 0.0001 101
µ−, τ+ → µ−, τ+ 200.0 50.0 8.3443± 0.0001 8.3444± 0.0001 101
τ−, τ− → τ−, τ− 200.0 50.0 2.4990± 0.0002 2.4991± 0.0002
τ−, τ+ → d, d¯ 200.0 50.0 2.4990± 0.0002 2.4991± 0.0002
τ−, τ+ → b, b¯ 200.0 50.0 2.7200± 0.0002 2.7200± 0.0002
u, u→ u, u 200.0 50.0 3.4800± 0.0001 3.4800± 0.0001 103
u, u¯→ d, d¯ 200.0 50.0 6.9499± 0.0010 6.9503± 0.0005 101
d, d¯→ N1, N114 200.0 0.0 5.1619± 0.0001 5.1619± 0.0001 10−1
s, s¯→ N2, N214 2000.0 0.0 3.2524± 0.0001 3.2523± 0.0001 10−3
c, c¯→ τ−, τ+ 200.0 0.0 5.9525± 0.0001 5.9523± 0.0001 10−1
c, t¯→ s, b¯ 712.0 178.0 5.5304± 0.0003 5.5304± 0.0003
Continued on next page
14The processes in Table 5 with a final state of two MLRSM Majorana neutrinos agree, for the
settings applied in 5.2, with the analogous SM processes with Dirac neutrino and anti-neutrino re-
placing the Majorana pair (this can be seen by applying the Feynman rules for the MLRSM vertex
ZNiNj (i, j = 1..3) given in Table 2), in accordance with refs.[22] and [29].
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MLRSM Process
√
s PTcut σSM(pb) σMLRSM(pb) Exp.
t, t¯→ N3, N314 2000.0 0.0 2.4421± 0.0001 2.4421± 0.0001 10−3
t, t→ t, t 2752.0 688.0 1.2452± 0.0001 1.2452± 0.0001 101
t, t¯→ b, b¯ 1414.0 353.5 2.0885± 0.0002 2.0884± 0.0002
b, b→ b, b 200.0 50.0 3.3987± 0.0003 3.3989± 0.0003 103
W+,W− → H,H 2000.0 0.0 6.3273± 0.0006 6.3274± 0.0006 10−1
Z,Z → H,H 1730.0 432.5 2.3297± 0.0002 2.3305± 0.0002 10−1
H,H → H,H 2000.0 0.0 5.0852± 0.0002 5.0854± 0.0002 10−1
τ−, τ+ → HH 1014.0 253.5 2.9646± 0.0005 2.9646± 0.0004 10−6
t, t¯→ HH 2376.0 594.0 5.4519± 0.0005 5.4517± 0.0005 10−2
b, b¯→ HH 1038.0 259.5 6.3603± 0.0010 6.3604± 0.0010 10−6
γ, γ →W+,W− 639.0 159.75 1.6319± 0.0001 1.6319± 0.0001 101
γ, Z →W+,W− 1003.0 250.75 1.9310± 0.0002 1.9310± 0.0002 101
g, g → g, g 200.0 50.0 1.9179± 0.0001 1.9179± 0.0001 104
W+,W+ →W+,W+ 1277.0 319.25 2.5714± 0.0002 2.5714± 0.0002 101
Z,Z →W+,W− 1368.0 342.0 2.6174± 0.0002 2.6174± 0.0002 101
Z,Z → Z,Z 1459.0 364.75 2.5931± 0.0004 2.5931± 0.0004 10−1
γ, γ → e−, e+ 200.0 50.0 1.3221± 0.0001 1.3220± 0.0001 101
γ, γ → u, u¯ 200.0 50.0 7.8343± 0.0008 7.8341± 0.0007
γ, γ → b, b¯ 200.0 50.0 0.4888± 0.0001 0.4888± 0.0001 10−1
γ, Z → µ−, µ+ 366.0 91.5 1.2411± 0.0002 1.2411± 0.0002
γ, Z → τ−, τ+ 379.0 94.75 1.1377± 0.0002 1.1376± 0.0002
γ, Z → b, b¯ 402.0 100.5 4.6265± 0.0005 4.6268± 0.0005 10−1
γ,W+ → N1, e+ 322.0 50.0 2.6202± 0.0001 2.6203± 0.0001
γ,W+ → u, d¯ 322.0 80.5 1.7233± 0.0002 1.7234± 0.0002
γ,W+ → c, s¯ 325.0 81.25 1.5985± 0.0001 1.5985± 0.0001
g, g → u, u¯ 200.0 50.0 1.3234± 0.0001 1.3234± 0.0001 102
g, g → t, t¯ 1376.0 344.0 1.5974± 0.0001 1.5974± 0.0001
g, g → s, s¯ 200.0 50.0 1.3236± 0.0001 1.3236± 0.0001 102
W+,W− → e−, e+ 639.0 159.75 5.5803± 0.0004 5.5803± 0.0004 10−1
W+,W− Z→ N1, N114 643.0 0.0 2.5570± 0.0001 2.5570± 0.0001 10−1
W+,W− → c, c¯ 649.0 162.25 1.5767± 0.0001 1.5767± 0.0001
Z,W+ → u, d¯ 684.0 171.0 6.6404± 0.0006 6.6395± 0.0005 10−1
Z,W+ → c, s¯ 692.0 173.0 7.2028± 0.0006 7.2026± 0.0004 10−1
Z,W+ → t, b¯ 1393.0 348.25 2.1449± 0.0002 2.1450± 0.0002
Continued on next page
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√
s PTcut σSM(pb) σMLRSM(pb) Exp.
Z,Z → τ−, τ+ 744.0 186.0 6.6916± 0.0008 6.6913± 0.0008 10−2
Z,Z → N1, N114 730.0 0.0 1.8307± 0.0001 1.8307± 0.0001
Z,Z → s, s¯ 730.0 182.5 7.4181± 0.0005 7.4183± 0.0005 10−1
γ, τ− → τ−, H 514.0 128.5 1.6918± 0.0001 1.6918± 0.0001 10−4
γ, c→ c,H 510.0 127.5 3.8884± 0.0002 3.8884± 0.0003 10−5
γ, t→ t,H 1876.0 469.0 6.4278± 0.0004 6.4280± 0.0004 10−2
γ, d→ d,H 500.0 125.0 1.5795± 0.0001 1.5795± 0.0001 10−10
γ, s→ s,H 501.0 125.25 6.3233± 0.0004 6.3232± 0.0001 10−8
γ, b→ b,H 538.0 134.5 1.2220± 0.0001 1.2219± 0.0001 10−4
Z, e− → e−, H 865.0 216.25 6.4235± 0.0004 6.4236± 0.0006 10−1
Z, µ− → µ−, H 866.0 216.5 6.4116± 0.0004 6.4116± 0.0004 10−1
Z, τ− → τ−, H 879.0 219.75 6.2599± 0.0003 6.2598± 0.0004 10−1
Z,N1 → N1, H 865.0 216.25 2.5599± 0.0002 2.5600± 0.0002
Z,N2 → N2, H 865.0 216.25 2.5599± 0.0002 2.5600± 0.0002
Z,N3 → N3, H 865.0 216.25 2.5599± 0.0002 2.5600± 0.0002
Z, u→ u,H 865.0 216.25 7.3954± 0.0004 7.3954± 0.0004 10−1
Z, c→ c,H 875.0 218.75 7.2598± 0.0004 7.2597± 0.0004 10−1
Z, t→ t,H 2241.0 560.25 4.4919± 0.0004 4.4919± 0.0004 10−1
Z, d→ d,H 865.0 216.25 9.4857± 0.0005 9.4858± 0.0006 10−1
Z, s→ s,H 866.0 216.5 9.4681± 0.0006 9.4681± 0.0006 10−1
Z, b→ b,H 922.0 225.5 8.8682± 0.0005 8.8681± 0.0006 10−1
W+, N1 → e+, H 3000.0 200.0 2.6516± 0.0028 2.6516± 0.0017
Table 6: Total decay widths in 1 → 2 decay mode for the MLRSM (FeynRules vs.
CalcHEP vs. MadGraph5). The chosen MLRSM parameter settings and the
resulting particle masses can be found in Appendix D.
Decaying particle Mass (GeV) ΓFR (GeV) ΓCH (GeV) ΓMG (GeV) Exp.
W 8.0399 ∗ 101 2.1172 2.1170 2.1172
Z 9.1188 ∗ 101 2.5241 2.5240 2.5241
W2 1.1975 ∗ 103 4.2190 4.2190 4.2190 101
Z2 2.0012 ∗ 103 5.8952 5.8950 5.8952 101
H 1.2000 ∗ 102 5.8141 5.8140 5.8141 10−3
H01 1.5021 ∗ 103 3.0498 3.0500 3.0498 102
H02 1.9700 ∗ 102 7.8144 7.8140 7.8144 10−9
H03 2.0057 ∗ 103 1.8508 1.8510 1.8508 10−1
Continued on next page
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Decaying particle Mass (GeV) ΓFR (GeV) ΓCH (GeV) ΓMG (GeV) Exp.
A01 1.4763 ∗ 103 2.3768 2.3770 2.3768 102
A02 2.0057 ∗ 103 1.8508 1.8510 1.8508 10−1
H+1 2.0071 ∗ 103 1.8521 1.8520 1.8521 10−1
H+2 1.5039 ∗ 103 2.3716 2.3720 2.3716 102
H++L 2.0084 ∗ 103 1.8533 1.8530 1.8533 10−1
H++R 1.5420 ∗ 102 1.4227 1.4230 1.4227 10−2
Table 7: Cross sections of 2→ 2 processes in the MLRSM (CalcHEP vs. MadGraph5).
The chosen MLRSM parameter settings and the resulting particle masses
can be found in Appendix D. Although the guidelines for the validation of
implemented models indicate that the particle decay widths should be set to
zero when comparing different matrix element generators, we retained these
parameters in 30 processes, denoted by an asterisk. This is done in order to
enhance the sensitivity to probe possible discrepancies between the programs
due to interferences among gauge bosons and Higgs particles.
MLRSM Process
√
s PTcut σCH(pb) σMG(pb) Exp. χ
2
e−, e− → e−, e− 2100.0 100.0 3.288 3.286 101 9.3 ∗ 10−1
e−, e+ → e−, e+ (*) 2100.0 200.0 6.858 6.861 1.7 ∗ 10−1
e−, e+→ N1N1 (*) 2100.0 0.0 5.727 5.728 101 1.8 ∗ 10−2
e−, e+ → N4, N4 3200.0 500.0 1.589 1.587 10−1 1.2 ∗ 10−3
e−, e+ → d, d¯ 2100.0 100.0 9.081 9.084 10−1 7.4 ∗ 10−2
e−, µ+ → N1, N2 2100.0 0.0 5.742 5.739 101 1.6
e−, µ+ → N1, N5 2100.0 200.0 1.432 1.424 10−4 1.2
e−, τ+ → N1, N3 2100.0 0.0 5.739 5.740 101 3.9
µ−, µ+ → e−e+ (*) 2100.0 100.0 1.652 1.651 10−1 5 ∗ 10−1
µ−, µ+ → N3, N6 2100.0 200.0 1.147 1.148 10−5 3.5 ∗ 10−1
µ−, µ+ → c, c¯ 2100.0 100.0 6.443 6.444 10−1 1.8 ∗ 10−3
µ−, τ+ → N5, N6 1300.0 200.0 5.920 5.926 10−2 1.1 ∗ 10−1
µ+, N5 → c, s¯ 3200.0 200.0 4.657 4.670 10−2 2.6
τ−, τ− → τ−, τ− 2100.0 100.0 3.290 3.285 10−2 2.85
τ−, τ+ → u¯, u 2100.0 100.0 6.443 6.446 10−1 5.9 ∗ 10−1
τ−, τ+ → t¯, t 2780.0 695.0 3.733 3.729 10−2 2.8 ∗ 10−1
τ−, τ+ → N3, N3 2100.0 0.0 5.720 5.728 101 1.6 ∗ 10−1
N1, N1 → N4, N4 2100.0 200.0 2.523 2.513 10−1 3.8 ∗ 10−1
N4, N4 → N4, N4 3200.0 800.0 9.708 9.718 10−2 1.2 ∗ 10−1
N2, N2 → N2, N2 (*) 2050.0 0.0 7.416 7.421 101 2.8 ∗ 10−1
Continued on next page
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√
s PTcut σCH(pb) σMG(pb) Exp. χ
2
N6, N6 → N6, N6 3200.0 800.0 9.783 9.784 10−2 9.4 ∗ 10−3
N5, N5 → N6, N6 3200.0 800.0 2.613 2.599 10−2 1.2
u, u¯→ N5, N5 2100.0 500.0 1.727 1.726 10−1 3.1 ∗ 10−1
u, u→ u, u 2100.0 100.0 7.022 7.024 102 1.7 ∗ 10−1
u, u¯→ u, u¯ 2100.0 100.0 6.980 6.982 102 1.2 ∗ 10−2
u, u¯→ d, d¯ (*) 2100.0 100.0 1.965 1.964 101 2.9 ∗ 10−1
u, c¯→ d, s¯ 1300.0 100.0 1.896 1.897 101 1.2 ∗ 10−1
u, d¯→ c, s¯ (*) 1250.0 100.0 8.409 8.408 9.0 ∗ 10−3
c, c¯→ N1, N4 2100.0 400.0 5.713 5.713 10−6 6.8 ∗ 10−4
c, c¯→ d, d¯ 2100.0 100.0 9.609 9.606 10−1 2.6 ∗ 10−1
c, s¯→ τ+, N6 (*) 1250.0 400.0 2.025 2.025 8.5 ∗ 10−2
c, b¯→ µ+, N2 1300.0 0.0 4.204 4.203 10−5 4.5 ∗ 10−2
t, t→ t, t 2752.0 688.0 1.423 1.442 101 9.1
t, t¯→ b, b¯ 2828.0 707.0 1.832 1.829 4.6 ∗ 10−1
t, t¯→ N2, N2 2752.0 0.0 9.752 9.796 10−4 4.8 ∗ 10−1
t, t¯→ N6, N6 4352.0 1088.0 5.530 5.503 10−4 2.9 ∗ 10−1
d, d→ d, s 4000.0 100.0 1.821 1.820 10−13 2.6 ∗ 10−2
d, u¯→ e−, N4 (*) 1250.0 200.0 2.726 2.726 2.2 ∗ 10−2
d, s¯→ N2, N5 1600.0 200.0 9.167 9.160 10−11 1.1
b, b¯→ N4, N4 2100.0 200.0 3.436 3.440 10−1 2.9
b, b¯→ N3, N6 2100.0 200.0 3.740 3.742 10−4 8.3 ∗ 10−1
b, s→ d, d 7000.0 100.0 1.321 1.321 10−11 6.2 ∗ 10−2
s, s¯→ N1, N1 2100.0 0.0 3.099 3.101 10−2 2.1 ∗ 10−1
s, s¯→ N6, N6 2100.0 200.0 3.437 3.439 10−1 8.5 ∗ 10−1
e+, e− → H++R , H−−R (*) 2050.0 400.0 5.470 5.471 10−1 9.3 ∗ 10−1
e−, e− → H++L , H−−L 16068.0 4017.0 4.450 4.458 10−4 1.3 ∗ 10−1
e−, e− → H01 , A01 11939.0 2984.75 1.983 1.980 10−4 6.0 ∗ 10−2
µ−, µ+ → H++R , H−−R 2468.0 617.0 3.450 3.458 10−2 3.7 ∗ 10−1
µ−, µ+ → H++L , H−−R 8651.0 2162.0 4.739 4.711 10−16 8.4 ∗ 10−1
µ−, µ+ → A02, A02 16047.0 4011.75 4.154 4.144 10−14 4.2 ∗ 10−1
τ−, τ+ → H03 , A02 16060.0 4015.0 1.106 1.112 10−4 1.1
τ−, τ+ → H,H01 6516.0 1629.0 3.926 3.943 10−10 8.9 ∗ 10−1
N1, N1 → H,H (*) 2100.0 400.0 3.154 3.153 10−12 2.1 ∗ 10−1
N1, N4 → H02 , H02 3952.0 988.0 1.618 1.613 10−10 3.8 ∗ 10−1
N1, N4 → H02 , H03 9211.0 2302.75 7.452 7.431 10−15 2.9 ∗ 10−1
N2, N2 → H+1 , H−1 16057.0 4014.25 6.656 6.666 10−5 3.4 ∗ 10−2
Continued on next page
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√
s PTcut σCH(pb) σMG(pb) Exp. χ
2
N2, N2 → H,A02 8503.0 2125.75 1.009 1.007 10−7 2.3 ∗ 10−1
N2, N5 → H+1 , H−2 14457.0 3614.25 1.708 1.711 10−11 2.7 ∗ 10−1
N3, N3 → H++R , H−−R 2466.0 616.5 1.071 1.068 10−4 3.5 ∗ 10−1
N3, N3 → H+1 , H−1 16057.0 4014.25 6.656 6.642 10−5 2.0 ∗ 10−1
N4, N4 → H+2 , H−2 12857.0 3214.25 1.781 1.785 10−4 1.4 ∗ 10−1
N4, N4 → H+1 , H−1 16857.0 4214.25 6.583 6.611 10−5 2.6 ∗ 10−1
N5, N5 → H,H 1761.0 440.25 2.840 2.845 10−3 1.5 ∗ 10−1
N5, N5 → H02 , H02 2376.0 594.0 1.398 1.403 10−5 3.4 ∗ 10−2
N6, N6 → H+2 , H−2 12857.0 3214.25 1.773 1.778 10−4 3.2 ∗ 10−1
N6, N6 → H+1 , H−1 16857.0 4214.25 6.583 6.611 10−5 2.6 ∗ 10−1
u, u¯→ H+1 , H−1 16057.0 4014.25 2.500 2.480 10−6 4.2
u, u¯→ H,H 2100.0 200.0 6.842 6.844 10−12 1.3 ∗ 10−1
c, c¯→ H++R , H−−R 2486.0 621.5 1.062 1.058 10−2 1.2
c, c¯→ H01 , H01 12053.0 3013.25 3.285 3.270 10−11 2.9
c, s¯→ H03 , H+1 16057.0 4014.25 6.796 6.730 10−5 3.2
t, t¯→ H+2 , H−2 (*) 16000.0 400.0 7.413 7.395 10−2 1.0
t, t¯→ A02, A02 17422.0 4355.5 3.161 3.173 10−8 9.3 ∗ 10−1
t, b¯→ H+1 , A02 16758.0 4189.5 6.635 6.665 10−5 7.3 ∗ 10−1
d, d¯→ H,H 2100.0 200.0 2.369 2.375 10−10 1.2
d, s¯→ A01, A01 11837.0 2959.25 9.983 9.942 10−13 7.3 ∗ 10−1
s, s¯→ H,H 2100.0 200.0 5.815 5.828 10−8 2.3
s, s¯→ H++L , H−−L (*) 16000.0 400.0 6.172 6.172 10−5 2.3 ∗ 10−3
b, b¯→ H,H01 6539.0 1634.75 2.166 2.156 10−5 2.9
b, b¯→ H++L , H−−L 16105.0 4026.25 5.503 5.497 10−5 7.4 ∗ 10−2
γ, γ → e−, e+ 400.0 100.0 3.305 3.322 1.9
γ, γ → τ−, τ+ 400.0 100.0 3.305 3.306 1.6 ∗ 10−1
γ, γ → c, c¯ 400.0 100.0 1.958 1.958 3.9 ∗ 10−3
γ, Z → u, u¯ 365.0 91.25 1.916 1.928 1.8
γ, Z → c, c¯ 375.0 93.75 1.790 1.805 4.2
γ, Z2 → d, d¯ 8000.0 2000.0 1.240 1.255 10−3 9.9
γ, Z2 → b, b¯ 8038.0 2009.5 1.225 1.235 10−3 4.7
γ,W+ → e+, N1 (*) 1250.0 100.0 2.454 2.467 10−1 1.1
γ,W+ → u, d¯ 1500.0 200.0 1.504 1.504 10−1 2.2 ∗ 10−3
γ,W+2 → u, d¯ 4779.0 1194.75 7.828 7.845 10−3 1.5 ∗ 10−1
γ,W+2 → c, s¯ 4784.0 1196.0 7.808 7.777 10−3 7.4 ∗ 10−1
Z,Z → N2, N5 (*) 2500.0 400.0 1.897 1.901 10−6 3.7
Z,Z → N4, N4 3060.0 765.0 1.301 1.285 10−12 2.8
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√
s PTcut σCH(pb) σMG(pb) Exp. χ
2
Z,Z → s, s¯ 730.0 182.5 8.229 8.305 10−1 2.4
Z,Z2 → µ−, µ+ 8366.0 2091.5 2.969 2.966 10−4 2.3 ∗ 10−2
Z,Z2 → N4, N4 9165.0 2291.25 2.283 2.298 10−8 9.2 ∗ 10−1
Z,Z2 → b, b¯ 8402.0 2100.5 3.069 3.109 10−4 2.8
Z,W+ → u, d¯ 7000.0 100.0 4.854 4.870 10−2 2.1
Z,W+ → c, s¯ 7000.0 100.0 4.846 4.852 10−2 3.0 ∗ 10−1
Z,W+2 → u, s¯ 5144.0 1286.0 6.690 6.707 10−5 3.9 ∗ 10−1
Z,W+2 → t, b¯ 5850.0 1462.5 4.206 4.213 10−2 6.6 ∗ 10−1
Z2, Z2 → e−, e+ 16000.0 4000.0 5.655 5.636 10−4 3.2 ∗ 10−1
Z2, Z2 → N1, N4 16400.0 4100.0 2.068 2.096 10−12 5.7
Z2, Z2 → t, t¯ 17376.0 4344.0 4.736 4.703 10−4 1.5
Z2,W
+ → u, s¯ 8322.0 2080.5 1.073 1.074 10−5 6.3 ∗ 10−2
Z2,W
+ → c, d¯ 8327.0 2081.75 1.073 1.076 10−5 2.4 ∗ 10−1
Z2,W
+
2 → u, d¯ 12779.0 3194.75 2.348 2.367 10−3 3.1
Z2,W
+
2 → t, b¯ 13485.0 3371.25 3.136 3.131 10−3 1.8 ∗ 10−1
W+,W− → τ−τ+ (*) 2500.0 200.0 9.541 9.556 10−2 9.2 ∗ 10−1
W+,W− → N6N6 2886.0 721.5 3.204 3.211 10−3 1.0 ∗ 10−1
W+,W− → b, b¯ 7000.0 100.0 3.613 3.613 10−1 7.1 ∗ 10−3
W+,W−2 → N5, N5 2886.0 721.5 3.204 3.211 10−3 1.0 ∗ 10−1
W+,W−2 → u, u¯ 5100.0 1275.0 4.633 4.633 10−6 2.2 ∗ 10−4
W+2 ,W
−
2 → N3, N6 (*) 40000.0 4000.0 6.475 6.489 10−9 6.7
W+2 ,W
−
2 → µ+, µ− 9958.0 2389.5 2.660 2.656 10−3 3.0 ∗ 10−1
W+2 ,W
−
2 → d, d¯ 9557.0 2389.25 7.660 7.652 10−3 6.1 ∗ 10−2
γ, γ → H++R , H−−R 2466.0 616.5 3.219 3.204 10−1 1.5
γ, γ → H++L , H−−L 16068.0 4017.0 6.450 6.465 10−3 1.9 ∗ 10−1
γ, γ → H+2 , H−2 12057.0 3014.25 7.165 7.150 10−4 7.6 ∗ 10−2
γ, Z → H+1 , H−1 16421.0 4105.25 7.470 7.430 10−5 1.3
γ, Z → H++R , H−−R (*) 2000.0 500.0 9.092 9.114 10−2 2.7
γ, Z → A02, A02 (*) 16411.0 4012.65 2.877 2.853 10−35 2.7
γ, Z2 → H+1 , H−1 24057.0 6014.25 7.139 7.181 10−5 1.5
γ,W+ → H+1 , A02 (*) 16000.0 4000.0 1.850 1.849 10−4 3.8 ∗ 10−2
γ,W+ → H03 , H+1 16373.0 4093.25 6.149 6.166 10−7 5.2 ∗ 10−1
γ,W+2 → H−1 , H++L 20481.0 5210.25 1.971 1.968 10−8 2.6 ∗ 10−1
γ,W+2 → H03 , H+1 20830.0 5207.5 1.317 1.302 10−9 7.3
Z,Z → H,H (*) 7000.0 200.0 1.026 1.026 101 1.2 ∗ 10−2
Z,Z → H01 , H01 12772.0 3193.0 1.091 1.080 10−2 2.1
Z,Z → H02 , H02 (*) 2000.0 500.0 1.556 1.563 10−1 1.7
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√
s PTcut σCH(pb) σMG(pb) Exp. χ
2
Z,Z2 → A01, A01 20201.0 5050.25 7.877 7.940 10−5 1.4
Z,Z2 → H,H01 14866.0 3716.5 6.149 6.166 10−7 5.2 ∗ 10−1
Z,W+ → H,H+2 7195.0 1798.75 3.113 3.121 10−3 6.8 ∗ 10−1
Z,W+ → H03 , H+1 16738.0 4184.5 9.458 9.440 10−4 2.7 ∗ 10−1
Z,W+2 → H+1 , A02 21195.0 5298.75 3.346 3.354 10−8 2.5 ∗ 10−1
Z,W+2 → H02 , H+2 11960.0 2990.0 1.462 1.457 10−1 2.2 ∗ 10−1
Z2, Z2 → H+1 , H−1 32057.0 8014.25 1.131 1.144 10−3 2.9
Z2, Z2 → H01 , H02 22809.0 5702.25 1.322 1.325 10−5 2.7 ∗ 10−1
Z2,W
+ → H−1 , H++L 24384.0 6096.0 2.094 2.087 10−4 4.2 ∗ 10−1
Z2,W
+ → H,H+2 14830.0 3707.5 2.181 2.178 10−6 1.7 ∗ 10−1
Z2,W
+
2 → H−2 , H++R 19424.0 4856.5 3.829 3.824 10−9 1.1 ∗ 10−1
W+,W− → HH (*) 1600.0 300.0 9.231 9.200 10−1 1.6
W+,W− → HA01 7042.0 1760.5 2.016 2.024 10−3 1.2
W+,W+2 → H++L A02 21157.0 5289.25 4.944 4.916 10−7 1.2
W+,W+2 → H++R A01 11635.0 2908.75 4.487 4.468 10−1 3.7 ∗ 10−1
W+,W−2 → A01A01 16937.0 4234.25 4.511 4.497 10−4 1.4 ∗ 10−1
W+2 ,W
+
2 → H+2 H+2 21614.0 5403.5 3.778 3.781 10−2 3.4 ∗ 10−2
W+2 ,W
−
2 → H01H01 21600.0 5400.0 3.569 3.580 10−4 4.0 ∗ 10−1
γ, γ →W+,W− (*) 2100.0 400.0 3.403 3.403 1.1 ∗ 10−2
γ, Z →W+,W− 1500.0 400.0 8.437 8.434 1.3 ∗ 10−1
Z,Z → Z,Z (*) 20000.0 200.0 1.725 1.724 10−4 4.9 ∗ 10−1
Z,W+ →W+2 , Z2 13465.0 3366.25 1.062 1.070 10−4 2.5
Z,Z2 → Z2, Z2 24365.0 6091.25 5.673 5.669 10−6 3.4 ∗ 10−2
g, g → g, g 400.0 100.0 4.013 3.977 103 1.2
W+,W+ →W+,W+ 2572.0 643.0 7.182 7.292 1.9
W+2 ,W
−
2 → Z2, Z2 25557.0 6389.25 4.376 4.415 10−2 8.1 ∗ 10−1
W+2 ,W
+
2 →W+2 ,W+2 19115.0 4778.75 1.025 1.031 10−1 3.8 ∗ 10−1
W+, τ− → τ−, H+1 3944.0 986.0 2.524 2.520 10−10 4.2 ∗ 10−1
W+, N2 → N5, H+2 6750.0 1687.5 2.688 2.693 10−9 3.0 ∗ 10−1
W+, u→ d,H++R (*) 2100.0 200.0 2.337 2.320 10−4 3.7
W+2 , e
− → µ−, H+1 8388.0 2097.0 1.218 1.217 10−7 1.1 ∗ 10−1
W+2 , N1 → N3, H+2 10807.0 2701.25 1.831 1.827 10−7 3.0 ∗ 10−1
W+2 , s→ s,H+2 10808.0 2702.0 1.415 1.420 10−5 3.5 ∗ 10−1
Z, τ− → τ−, A01 6297.0 1574.25 8.496 8.558 10−7 2.4
Z,N1 → N1, H02 (*) 2000.0 400.0 7.025 7.016 10−3 3.6
Z, d→ d,H 1690.0 422.5 3.021 3.002 10−1 1.3
γ, e− → e−, H 480.0 120.0 1.532 1.539 10−11 1.2
Continued on next page
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Table 7 – continued from previous page
MLRSM Process
√
s PTcut σCH(pb) σMG(pb) Exp. χ
2
γ, t→ t,H 3712.0 928.0 1.597 1.592 10−2 7.3 ∗ 10−1
Z2, N1 → N2, H03 11997 2999.25 7.272 7.258 10−7 1.1
Z2, c→ c, A01 13928 3482.0 5.854 5.833 10−8 7.0 ∗ 10−1
H,H → H,H 3844.0 961.5 2.063 2.053 6.6 ∗ 10−1
H,H01 → H02 , H02 8078.0 2019.5 6.693 6.705 10−3 1.1 ∗ 10−1
H01 , H
0
2 → H++R , H−−R 8042.0 2010.5 2.421 2.427 10−5 2.3 ∗ 10−1
H01 , H
0
3 → H++L , H−−R 22694.0 5673.5 9.027 9.036 10−9 8.7 ∗ 10−2
H02 , H
0
2 → H02 , H02 3152.0 788.0 8.812 8.781 10−4 4.7 ∗ 10−1
H02 , H
0
2 → H+1 , H−1 (*) 16000.0 4000.0 2.654 2.655 10−2 2.2 ∗ 10−2
H03 , H
+
1 → H−2 , H++R 22696.0 5674.0 6.459 6.446 10−10 1.4 ∗ 10−1
H03 , H
++
R → H++R , A02 17279.0 4319.75 4.008 3.998 10−2 1.1 ∗ 10−1
A01, A
0
1 → A02, A02 (*) 27882.0 6970.5 2.263 2.275 10−4 1.2
H+1 , H
+
1 → H++L , A02 32113.0 8028.25 8.351 8.393 10−2 2.3
H+2 , H
−
2 → H++L , H−−L 28124.0 7031.0 5.299 5.289 10−4 5.6 ∗ 10−1
H+2 , H
−
2 → A02, A02 28103.0 7025.75 7.153 7.136 10−5 1.7 ∗ 10−1
H++L , H
0
1 → H++L , A01 28007.0 7001.75 2.141 2.137 10−2 1.7 ∗ 10−1
H++L ,H
++
L → H++L ,H++L 32135.0 8033.75 1.607 1.618 10−1 1.1
H++R , H
−−
R → H,H (*) 2100.0 400.0 1.664 1.685 2.8
H++R , H
−−
R → A02, A02 17279.0 4319.75 1.673 1.675 10−2 1.7 ∗ 10−1
H
++
R ,H
−−
R → H++R ,H−−R (∗) 2100.0 500.0 2.137 2.112 101 3.3
Table 7: FeynRules computation results for total decay widths in 1 → 2 decay mode
(CalcHEP vs. MadGraph5).
6. Summary
We described in this paper the manifest/quasi manifest left-right symmetric model
and its implementation in FeynRules. The model file constructs a model Lagrangian
in which one can define the model parameters solely in physical basis (in contrast to
having to define Yukawa coupling matrices directly). The model is composed of Ma-
jorana type neutrinos, and features a simple and direct control of its quasi-manifest
relation matrices. We performed a wide range of validation tests for the model, com-
pletely scanning its Lagrangian while comparing it to the literature. In light of the
appealing new features that the left-right symmetric models offer (to address some of
the shortcomings of the standard model), the implementation presented in this work
can serve as an important tool for the search for new physics at the LHC era.
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Appendix A. Notation and adjustable (external) parameters
The MLRSM input parameters and the corresponding symbols in the model file are
collected in Table A.1 (following the notation in [6]), while the list of the adjustable
external parameters in the model file is given in Table A.2.
Table A.1: The MLRSM parameter names and the corresponding symbols in the Feyn-
Rules model file
Category LRSM symbol Feynrules model symbol
Fermion doublets (Gauge
eigenstates)
Quark doublets: QiL, QiR QL, QR
Lepton doublets: LiL, LiR, LL, LR
Charge Conj. (Lepton doublets):
(Lci )L, (L
c
i )R (i = 1, 2, 3) LCL, LCR
Gauge boson fields WLi, WRi, B (i = 1, 2, 3) Wi, WRi, B
(Gauge eigenstates)
Particles names (physical
states)
SM Gauge bosons: W , Z, A, g W, Z, A, G,
Extra SM Gauge bosons: W2, Z2 W2, Z2
Up type quarks: u, c, t u, c, t (class name: uq)
Down type quarks: d, s, b d, s, b (class name: dq)
Charged leptons: e, µ, τ e, mu, ta (class name: l)
Light neutrinos: N1(e), N2(µ), N3(τ) NeL, NmL, NtL
Heavy neutrinos: N4(e), N5(µ), N6(τ) NeH, NmH, NtH
(class name: Nl)
Neutral Higgs scalars: H00 , H
0
1 , H, H01, H02, H03
H02 , H
0
3
A01, A
0
2 (Neutral Higgs A01, A02
pseudoscalars)
H±1 , H
±
2 , δ
±±
L , δ
±±
R (Charged HP1, HP2, HPPL, HPPR
Higgs scalars)
G˜01, G˜
0
2 (Neutral Goldstone G01, G02
bosons)15
G±L , G
±
R (Charged Goldstone GPL, GPR
bosons)15
Particle masses MRelevant Particle The letter M + Particle name
Decay widths
ΓRelevant Particle Either zero or
the letter W + Particle name
Mixing Matrices UCKML , U
CKM
R (Quark) CKML, CKMR,
Continued on next page
15The model file uses the unitary gauge, so that all the Goldstone modes are omitted in the Feynman
rules calculation.
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Table A.1 – continued from previous page
Category LRSM symbol Feynrules model symbol
Mixing Matrices KL, KR (Lepton) KL, KR
Mixing Matrix U (Neutral Higgs Scalars) U
Mixing parameters
s12, s23, s33 (U
CKM
L ) s12, s23, s23
c12, c23, c33 (U
CKM
L ) c12, c23, c23
Ve, Vµ, Vτ (KL,R h-l. mixing) VKe, VKmu, VKta
sL12, sL23, sL33 (KL) sL12, sL23, sL23
cL12, cL23, cL33 (KL) cL12, cL23, cL23
Quasi manifest matrices Wl, Wu, Wd Wl, WU, WD
Quasi manifest parameters Wlaa, Wuaa, Wdaa, (a = 1..3) Wl11-33, WU11-33, WD11-33
Mixing angles
sin ΘW , cos ΘW (Weinberg) sw, cw,
sin ξ, cos ξ, (Charged gauge boson) sxi, cxi,
sinφ, cosφ. (Neutral gauge boson) sphi, cphi
Higgs VEVs
k1, k2, k+, k−, vL, vR k1, k2, vev, kminus, vL, vR
sign(k2) sk2
Higgs multiplets φ , φ˜, ∆L,R BD, BDtilde, LT, RT
Higgs multiplet field
components
φ01,2, φ
±
1,2 Phi01, Phi02, PhiP1, PhiP2
δ0L,R, δ
±
L,R H0L, H0R, HPL, HPR
δ±±L,R HDPL, HDPR
Parameters in the
Potential
µ21..3, λ1..4, musq[1]..[3], lambda1..4
ρ1..4, α1..3 rho1..4, alpha1..3
Yukawa matrices
hQ h˜Q, hL, h˜L, yQ, yQtilde, yL, yLtilde,
hM yHM1, yHM2 (both relate to hM )
Diagonal mass
matrices
(MU )diag, (MD)diag, yMU, yDO
(Ml)diag, (Mν)diag yML, yNL
couplings
α(MZ), αs(MZ), Gf aEW aS, Gf
e, g, g′, gs ee, gw, g1, gs
Table A.2: The external (user controlled) parameters in the model file.
LRSM parameter FEYNRULES model symbol Section in the file
Fermion masses
MU,MC,MT
Particle classes /
Fermions: physical fields
MD, MS, MB
Me, Mmu, Mta,
Continued on next page
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LRSM parameter FEYNRULES model symbol Section in the file
MNeL, MMmL, MNtL
MNeH, MMmH, MNtH
Gauge boson masses MW, MZ Particle classes /
Gauge bosons: physical vector fields
Decay widths M (in mass symbol) → W Relevant particle definition
Higgs VEVs k1, vR, sk2 Parameters / External Parameters
Pararameters in the
Potential
lambda1..4, Parameters / External Parameters
rho1 .. 4, Parameters / External Parameters
alpha1 .. 3 Parameters / External Parameters
Mixing parameters
s12, s13, s23 Parameters / External Parameters
VKe, VKmu, VKta Parameters / External Parameters
sL12, sL13, sL23 Parameters / External Parameters
Q.Manifest parameters
WU11, WU22, WU33 Parameters / External Parameters
WD11, WD22, WD33 Parameters / External Parameters
Wl11, Wl22, Wl33 Parameters / External Parameters
Constants aEWM1, Gf, aS Parameters / External Parameters
Appendix B. Parameters, masses and mixing angles in the MLRSM
The external parameters in Appendix A constitute the internal model ingredients,
which are based on the Lagrangian of Ref.[6].16 These internal parameters are indirectly
controlled by the user via the expressions given below (the H00 , H
0
1 and H
0
2 masses are
given in the approximation vR  k+):
k2 = sign(k2) ∗
√
k2+ − k21, (where k+ = 246 GeV is set as the SM Higgs VEV)
k2− = k
2
1 − k22, cos ΘW =
MW
MZ
, tan 2ξ = −2k1k2
v2R
, sin 2φ = − g
2k2+
√
cos2ΘW
2 cos2 ΘW (M2Z2 −M2Z)
,
gs =
√
4piαs(MZ), e =
√
4piα(MZ), g =
e
sin ΘW
, g′ =
e√
cos 2ΘW
,
M2W2 =
g2
4
{
k2+ + v
2
R +
√
v4R + 4 k
2
1 k
2
2
}
,
M2Z2 =
1
4
{
g2k2+ + 2v
2
R(g
2 + g′2) +
√[
g2 k2+ + 2v
2
R(g
2 + g′2)
]2 − 4g2(g2 + 2g′2) k2+ v2R},
16The expressions for µ2i also appear in refs.[5, 33]. In addition, the quark mixing parameters are
shown in Ref.[17] and the lepton mixing parameters are shown in Refs.[22, 24, 25].
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M2H00
≈ 2 k2+
(
λ1 +
4k21k
2
2
k4+
(2λ1 + λ3) + 2λ4
2k1k2
k2+
)
,
M2H01
≈ 1
2
α3 v
2
R
k2+
k2−
, M2H02
≈ 2 ρ1 v2R, M2H03 =
1
2
v2R (ρ3 − 2ρ1),
M2A01
=
α3 v
2
R
2
k2+
k2−
− 2k2+(2λ2 − λ3), M2A02 =
1
2
v2R(ρ3 − 2ρ1),
M2
H±1
=
1
4
(α3 (k
2
−)) +
1
2
v2R(ρ3 − 2ρ1), M2H±2 =
1
4
α3
(
k2− + 2
k2+
k2−
v2R
)
,
M2
δ±±L
=
1
2
(
α3 (k
2
−) + v
2
R(ρ3 − 2ρ1)
)
, M2
δ±±R
=
1
2
(
α3 (k
2
−) + 4v
2
Rρ2
)
,
µ21 = v
2
R
(
α1
2
− α3k
2
2
2 (k12 − k22)
)
+ (k2+λ1 + 2k1k2λ4),
µ22 = v
2
R
(
α2
2
+
α3k1k2
4 (k2−)
)
+ k1 k2(2λ2 + λ3) +
λ4k
2
+
2
,
µ23 = ρ1 v
2
R +
α1 k
2
+
2
+ 2α2 k1 k2 +
α3 k
2
2
2
,
(the Higgs potential parameters µi, λi, ρi and αi are defined in Eq.(3.15)).
UCKML =
 c12c13 s12c13 s13−s12c23 − c12s23s13 c12c23 − s12s23s13 s23c13
s12s23 − c12c23s13 −c12s23 − s12c23s13 c23c13
 ,
c12 =
√
1− s212, c13 =
√
1− s213, c23 =
√
1− s223
Wu/d/l =
 Wu11/Wd11/Wl11 0 00 Wu22/Wd22/Wl22 0
0 0 Wu33/Wd33/Wl33
 ,
UCKMR = W
UUCKML W
D,
KL =

cL12 cL13 sL12 cL13 sL13
−sL12 cL23 − c12 sL23 sL13 cL12 cL23 − sL12 sL23 sL13 sL23 cL13
sL12 sL23 − cL12 cL23 sL13 −cL12 sL23 − sL12 cL23 sL13 cL23 cL13
Ve 0 0
0 Vµ 0
0 0 Vτ

,
cL12 =
√
1− sL122, cL13 =
√
1− sL132, cL23 =
√
1− sL232
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KR =

−Ve 0 0
0 −Vµ 0
0 0 −Vτ
1 0 0
0 1 0
0 0 1

(B.1)
Appendix C. Higgs physical eigenstates
Obtaining the fields eigensystem is done by diagonalizing the squared-mass matrix
given in Eq.(3.21). The diagonalization is simplified by the constraints in sec. 3.2. The
eigenstates consist of17
1. Four neutral scalar eigenstates H, H01 , H
0
2 , H
0
3 ,
2. Two neutral pseudoscalar eigenstates A01, A
0
2,
3. Four singly charged scalar eigenstates H±1 , H
±
2 ,
4. Two doubly charged scalar eigenstates H±±L , H
±±
R .
The corresponding eigenvalues/masses are given in Appendix B. The non-physical
Higgs fields can then be written in terms of the above eigenstates as follows:
φ01 =
1√
2
(
k1 + U11H + U12H
0
1 + U13H
0
2 + i
k2
k+
A01
)
,
φ02 =
1√
2
(
k2 + U21H + U22H
0
1 + U23H
0
2 + i
k1
k+
A01
)
,
δ0L =
1√
2
(
vL +H
0
3 + i A
0
2
)
,
δ0R =
1√
2
(
vR + U31H + U32H
0
1 + U33H
0
2
)
,
φ±1 =
k1
k+
√
1 + (
k2−√
2k+vR
)
2
H±2
φ±1 =
k2
k+
√
1 + (
k2−√
2k+vR
)
2
H±2
δ±L = H
±
1 ,
δ±R =
1√
1 + (
√
2k+vR
k2−
)
2
H±2
17We use the unitary gauge
57
δ±±L,R = H
±±
L,R, (C.1)
where U is an orthogonal mixing matrix which diagonalizes the (real) squared-mass
matrix of the neutral Higgs scalars18. Therefore φ0R1φ0R2
δ0RR
 =
 U11 U12 U13U21 U22 U23
U31 U32 U33
 HH01
H02
 . (C.2)
The matrix elements of U can be calculated numerically by loading the model in a
Mathematica session. Upon using the commands
ComputeMassMatrix[poten2,Mix->"1s"]
MassMatrix["1s"]
one recovers the scalar (squared mass) block in the neutral Higgs sector, namely
M2 =

2k21λ1+4k1k2λ4+k
2
2
(
α3vR
2
2k2−
+4λ2+λ3
)
2λ4(k21+k
2
2)+
1
2
k1k2
(
4λ1+8λ2+4λ3−α3v
2
R
k2−
)
vR (α1k1+2α2k2)
2λ4(k21+k
2
2)+
1
2
k1k2
(
4λ1+8λ2+4λ3−α3v
2
R
k2−
)
2k21 (2λ2+λ3)+4k1k2λ4+
1
2
α3v2R+k
2
2
(
2λ1+
α3v
2
R
2k2−
)
vR (2α2k1+k2 (α1+α3))
vR (α1k1+2α2k2) vR (2α2k1+k2 (α1+α3)) 2ρ1v
2
R
 .
(C.3)
In order to get the numerical elements of U and the masses of H, H01 and H
0
2 , one can
use the ASperGe program [34] by typing
WriteAsperge[poten2]
after assigning numerical values to all the parameters appearing in the mass matrix.
Appendix D. Parameter settings and gauge boson masses for Tables 6 and 7
The parameter settings of the MLRSM model file for the process comparisons per-
formed in Tables 6 and 7 are as follows:
18The U mixing matrix appears in the model file containing the supplement mix in its name. The
other model versions use the simplifying approximation vR  k1, k2 which lead to the φ01, φ02 and δ0R
states given in [6].
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• Masses, Widths (in GeV)
Mt = 173, Mc = 1.27, Mu = 2.55 × 10−3,
Mb = 4.7, Ms = 0.101, Md = 5.04 × 10−3,
Me = 5.11 × 10−4, Mµ = 0.106, Mτ = 1.777,
MN1 = 10
−8, MN2 = 10
−8, MN3 = 10
−8,
MN4 = 100, MN5 = 100, MN6 = 100,
MW = 80.399, MZ = 91.188,
WAll particles = 0 (applies only to Table 7). (D.1)
• Higgs VEVs (in GeV)
k1 = 227.91, vR = 2543.2. (D.2)
• Parameters in the Higgs potential
λ1 = 0.118, λ2 = 0.2, λ3 = −0.234, λ4 = 0,
ρ1 = 0.003, ρ2 = 0.001, ρ3 = 1.25, ρ4 = 0.125,
α1 = 0.5, α2 = 0.5, α3 = 0.5. (D.3)
• Couplings
Gf = 1.166× 10−5 GeV−2, αs(MZ) = 0.1184, α(MZ) = 1
127.9
, (D.4)
• Mixing parameters
s12 = 0.221, s23 = 0.041, s13 = 0.0035,
Ve =
√
MN1/MN4 , Vµ =
√
MN2/MN5 , Vτ =
√
MN3/MN6 ,
Wuaa = Wdaa = Wlaa = 1 (a = 1..3). (D.5)
The resulting physical boson masses are (in GeV)
MW = 8.0399 ∗ 101, MZ = 9.1188 ∗ 101, MW2 = 1.1975 ∗ 103, MZ2 = 2.0012 ∗ 103,
MH = 1.2000 ∗ 102, MH01 = 1.5021 ∗ 103, MH02 = 1.9700 ∗ 102, MH03 = 2.0057 ∗ 103,
MA01 = 1.4763 ∗ 103, MA02 = 2.0057 ∗ 103,
MH±1
= 2.0071 ∗ 103, MH±2 = 1.5039 ∗ 10
3,
MH±±L
= 2.0084 ∗ 103, MH±±R = 1.5420 ∗ 10
2.
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